
UNCLASSIFIED

AD 4627 95L-

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



P- D-T['O-63-354, VC)L

frI

,+ FINAL REPORT
ON

>- RANGE INSTRUMENTATION PLANNING STUDY

TEHNICAL DOCUMENTARY REPORT NO. ESD-TDR-63-354

zJ - VOLUME 5: TRACKING, TELEMETRY, AND COMMAND (TTC)

c-- O(;TOBER 1963

DIREC: :TORATE ()F \ERoSI ,\ F;. INSTRI MENT \TI()N

IEP1UTY F(R ENIINFIII, N( I) TE(INoI, ;

H;I1( TR()Nl(; SN STIEKMS I)1N ISI()N

I N TVI) STVI'! S \I1 F( :iR2E D D

L. (. 1 1an 11z 1141d lBed f 'rd, M a--.M: Y 3 1 6

DDC-IRA E

Prepared under t.tn a it N,,. \F 1Q (t)28 -23.56

II'

'TRV, S'a,, Thnoluhgv lalimatic'

4 hilt' Parii' |'ik

Reum(,!u leach, E.alifrnita



When U. S. Government drawings, specifications, or other
data are used for any purpose other than a definitely related
Government procurement operation, the Government thereby
incurs no responsibility nor any obligation whatsoever; and
the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or
other data is not to be regarded by implication or otherwise
in any manner licensing the holder or any other person, or
conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related
thereto.

All distribution of this report is controlled. Qualified
Defense Documentation Center (DDC) users should request
through HQ Electronic Systems Division, Attn: ESAT
L. G. Hanscom Field, Bedford, Massachusetts.

/a



4 ESD=L '$'OL5

('FINAL REZ3ID

(A)RANGE INSTRUMENTATION PLANNING STUDYo

( VOLUME 5: TRACKING, TELEMETRY, AND COMMAND (TTC)o

Ii CT 163

DIRECTORATE OF AEROSPACE INSTRUMENTATION

DEPUTY FOR ENGINEERING AND TECHNOLOGY

ELECTRONIC SYSTEMS DIVISION

AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE

L. G. Hanscom Field, Bedford, Mass.

Contract AF,9162412,356

TRW Space Technology Lab.ws.

Redondo Beach, Calift

.~~~~ ~ ~ .o . ..........



ESD.TDR.63.34 TRACKING. TELEMETRY, AND COMMAND (TTC)
VIOLVME 5 FOREWORD

FOREWORD

This volume consists of Appendices VI through XIX, which deal with

tracking, telemetry, command, and related topics. Thus, for example,

both time synchronization and geophysical considerations are included in

this volume because of their relevance to the metric data problem, even

though they do not concern metric instrumentation in the strict sense.

Additional information (classified) pertaining to tracking, telemetry, and

command may be found in Volume 8. In addition, information pertinent

to the subject of this volume but broader in scope may be found in Volume 6.

The numbering of the figures, tables, references, and equations is

consecutive for the appendices in this volume. For the convenience of the

reader, however, the pagination of each appendix reflects the appendix

designator; for example, Appendix VI has its pages numbered 6-1, 6-2,

6-3, etc.

This volume and the other seven volumes making up this report have

a standard table of contents immediately following the abstract page. Ad-

ditionally, a major-heading table of contents for each of the other volumes

is shown in reduced size immediately following the standard table of con-

tents. The list of abbreviations and symbols used in the report has been

included in each volume.

The STL Document Control Number for Volume 5 is 8691-6098-RUOOO.
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This abstract is UNCLASSIFIED

RANGE INSTRUMENTATION PLANNING STUDY (U)

ABSTRACT

The emphasis in space technology over the past several years has shifted to very-long.
range missiles, orbiting vehicles, and deep.space probes. Thus support from the test

, envlronment is now required en a truly global basis. For this reason, equipment com-
\ patibility and a means of integrating the operations of the existing ranges have become

necessities.

TRW Space Technoly Laboratories (formerly Space Technology Laboratories, inc.) was
awarded a contract by ESD to perform a study of the entire test environment problem
for these classes of missions and tests. The primary objective was the definition of what
the global test environment shevld be in the 1965 to 1970 period and the development
of an implementation plan permitting the timely and efficient attainment of the
recommended configuration.

Emphasis was placed on providing the capability to support the requirements imposed
by the many programs involving missiles, large boosters, and spacecraft to be tested
in the 1965 to 1970 period. Efficiency was emphasized becauso it was known that the
costs assoclated with provision of a capability to sopport such a variety of missions
would be very large under the best of circumstances.

STi's conclusion is that an integrated global test enviroment is not only feasible but
highly desirable. The report presents specific recommendations for the choice of prime
instrumentaton in this integrated global test nvironment, and develops oporatieal
and management concepts appropriate to It. The report includes detailed recemmenda.
tins, an Implementation plie, end applied research and advanced development pleas
necessary or desirable to assure the timely implementation of the rang and to provide
a basis for a cotinuin upgrading of its capabilities.
Volume I consists of an overall introduction, a summery of the total report, nd a
presentation of the basic system concept.
Volume 2 contains a detailed description of the recommended instrmentation network
end gives the implementation plam end cast estimates.
Volume 3 summarizes, as functions of time end location, the most stringent requirements
imposed on the network; evaluates the network's -enahilit of meting the test require-
meats; and presents recommendations far applied reser ad advanced development
Program required to implement the network or to advennce the state of the art inprtinent instrumentatin technology.

Volumes 4 through I contain sapmrting appendices for the findings, conclusion, end
recommendatios presented in Velumes 1 throgh 3.

Publication of this technical documentary report does not constitute Air
Force approval of the report's findings or conclusions. It is published
only for the exchange and stimulation of ideas.

C. V. HORRIGAN
Acting Director
Aerospace Instrumentation
Deputy for Engineering and Technology
Electronic Systems Division
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AFC automatic frequency control

AFCRL Air Force Cambridge Research Laboratory

AFMTC Air Force Missile Test Center

AFSC Air Force Systems Command

AGC automatic gain control

AICBM anti -intercontinental ballistic missile

AlL Airborne Instruments Laboratory

alt altitude

AM amplitude modulation

AMR Atlantic Missile Range

AMS Army Map Service

approx approximately

ARDC Air Research and Development Command

ARPA Advanced Research Projects Agency

ARS Air Rescue Service

BECO booster engine cutoff

BO burn out

BOA broad ocean area

bpS bits per sample

BTL Bell Telephone Laboratories

BWO backward wave oscillator

CCMTA Cape Canaveral Missile Test Annex

cm centimeter

COM Chief Operations Manager

CONUS Continental United States

cps cycles per second

CRT cathode-ray tube

CW continuous wave

CY calendar year

db decibel

dbm decibels referred to one milliwatt

dc direct current
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DCA Defense Communications Agency

DCS Defense Communications System

DE Delco

deg degree

deg/sec degrees per second

DOD WGS Department of Defense World Geodetic System

DSIF Deep Space Instrumentation Facility

EAFB Edwards Air Force Base

EBPA electron beam parametric amplifier

EEG electroencephalogram

EGO Eccentric Geophysical Observatory

EKG electrocardiogram

ESD Electronic Systems Division

FDM frequency division multiplex

FM frequency modulation

FOT frequency of optimum transmission

fps feet per second

FSK frequency- shift keyed

ft foot

ft/sec feet per second

g gravity, acceleration due to

gc gigacycles per second

GD/A General Dynamics/Astronautics

GDOP geometric dilution of precision

GE General Electric

GERTS General Electric Range Tracking System

GRCC Global Range Control Center

HF high frequency

hr hour

HU Hughes Products

ICGM Intercontinental Global Missile

IF intermediate frequency

IFCS information flow control station

IGC inertial guidance and control

IMCC Integrated Mission Control Center

in. inch
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IR infrared

IRBM intermediate range ballistic missile

IRIG inter-range instrumentation group

ISB HF independent sideband high frequency

JPL Jet Propulsion Laboratory
0OK degrees Kelvin

kbits/sec kilobits per second

kc kilocycles per second

Kev thousands of electron volts

km kilometer

kw kilowatt

LASV Low-Altitude Supersonic Vehicle

LF low frequency

LOS line of sight

LRCC local range control center

LUF lowest usable frequency

m meter

MATS Military Air Transport Service

max. maximum

mc megacycles per second

MCC mission control center

MEC Microwave Electronics Corporation

MECO main engine cutoff

megw megawatt

Mev millions of electron volts

MH Minneapolis Honeywell

mi miles

MILS missile impact location system

Mil Spec military specification

MIT Massachusetts Institute of Technology

mm Hg millimeters of mercury

MMRBM mobile, medium-range, ballistic missile

mr milliradian

msec millisecond

MO Motorola

MTBF mean time between failures
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MTS members of the technical staff

MUF maximum usable frequency

mw milliwatt

NASA National Aeronautics and Space Administration

nmi nautical mile

NMFPA U. S. Naval Missile Facility, Point Arguello

OAO Orbiting Astronomical Observatory

OD Operations Directive

OGO Orbiting Geophysical Observatory

ORV ocean range vessel

OSO Orbiting Solar Observatory

PACM pulse-amplitude code modulation

PAFB Patrick Air Force Base

PAM pulse-amplitude modulation

PCA polar cap absorption

PCM pulse-code modulation

PD pulsed doppler

PDM pulse duration modulation

PELT precision early launch tracker

PH Philco

PIRD Program Instrumentation Requirements Document

PM phase modulation

PMR Pacific Missile Range

PN pseudonoise

POGO Polar Orbiting Geophysical Observatory

PPE preliminary planning estimate

ppi plan position indicator

ppm parts per million

pps pulses per second

PRF pulse repetition frequency

PSK pulse- shift keyed

R and D Research and Development

RARR range and range rate

RAY Raytheon

RCA Radio Corporation of America

ref reference
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RF radio frequency

RIPS Range Instrumentation Planning Study

RISE Research in Supersonic Environment

rms root mean square

rss root sum square

RTG radio-isotope thermoelectric generators

SCF Satellite Control Facility

sec second

SGLS Space-Ground Link Subsystem

SLAM Supersonic Low-Altitude Missile

smi statute mile

S/N signal-to-noise

SOFAR Sound Firing and Ranging

SPO Systems Project Office

Sps samples per second

SRM Systems Requirements Model

SSB single sideband

SSD Space Systems Division

SSN sunspot number

STL TRW Space Technology Laboratories

STV special test vehicle

SWF short-wave fadeout

SY Sylvania

TASI time assignment speech interpolation

TDM time division multiplex

TI Texas Instruments

TLM telemetry

TR Transitron

TTC tracking, telemetry, and command

TTY teletype

TV television

TWT traveling-wave tube

UFS Unified Frequency System

UHF ultra-high frequency

4rad/sec microradians per second

USA WGS United States Army World Geodetic Systems
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w watt

WE Western Electric

wpm words per minute

ws watt-second
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Appendix VI. INTEGRATED TRACKING, TELEMETRY,
AND COMMAND SYSTEMS

A. INTRODUCTION

An integrated tracking, telemetry, and command (TTC) system is one

which performs the three primary spacecraft communications functions

utilizing a single RF link in each direction between the vehicle and the

ground station. Angle-tracking may be accomplished by any of the usual

techniques. Range is extracted by impressing a suitable modulation on

the uplink which, via the vehicle transponder, is repeated as a modulation

on the downlink, and the two-way propagation delay is measured on the

ground. Relatively coarse range-rate data may be obtained by differentia-

tion of the range data, but precise range-rate measurement requires the

use of doppler techniques, wherein the vehicle transponder retransmits

a frequency that is coherently related to its received frequency. In some

applications either the range or the range-rate measurement function is

not used. In any case, both the uplink and downlink are used for the

tracking function. Command data is transmitted by impressing a com-

mand modulation on the uplink RF carrier used for the tracking function,

and telemetry data is handled in a similar fashion on the downlink.

B. SYSTEM CONSIDERATIONS

1. GENERAL

The use of an integrated TTC system has many advantages, especially

those of minimizing equipment requirements in both the vehicle and the

ground stations. However, no one system design can be optimum for all

applications. For example, no one integrated system could simultaneously

provide transmission of high quality TV from a spacecraft, megabit-per-

second command rates from the ground, extremely precise tracking of

boosters during thrust periods, tracking of passive vehicles, and tracking

of a reentry vehicle through the ionization sheath. All of these functions

place certain constraints on the system design which frequently are

mutually incompatible. Some of the constraints of an integrated TTC

system design which limit the universality of its application are discussed

below.
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2. TYPE OF CARRIER MODULATION

As far as the tracking function is concerned, either CW or pulsed

techniques would be suitable. Telemetry and command information can

be added to a CW tracking system by providing additional subcarriers,

and to a pulsed system by multiple-pulse coding. As long as the required

data rates are low relative to the PRF, addition of a command function

to a pulsed radar presents no particular problem. A more serious limita-

tion, however, exists with respect to telemetry, wherein expected data

rates will in almost every case exceed the capability of a pulsed system.

We therefore conclude that an integrated TTG system must utilize a CW

carrier. This immediately makes the integrated system nonoptimum for

skin-tracking of passive vehicles.

Because of its relative inefficiencies in detection, amplitude niudila-

tion is not attractive, and an integrated system will use either FM ,r PM.

If the system is to measure doppler range rate, at least the ground re-

ceiver will utilize a phase-locked carrier tracking loop. Low-index phase

modulation is then the preferred choice, since this form of modulation

leaves a clean carrier which can be tracked for doppler extraction. If

the range-rate measurement is not required, FM could be used, as is

done in the SHF system for Dyna-Soar (Section C of this appendix). How-

ever, most integrated TTC system designs to date have included the

doppler capability, and this capability is considered essential in any

versatile general-purpose system. Biphase modulation, a specialized

form of phase modulation which suppresses the carrier component, can

be used when the data is a single digital bit stream, since a matched

receiver can reconstruct the carrier component for doppler extraction.

This is not attractive for the uplink, since the vehicle receiver required

is rather complex. When several kinds of modulation are required on

the downlink (digital or analog telemetry, voice, ranging information),

one is forced into the use of subcarriers. The most versatile form of

carrier modulation, which simultaneously permits extraction of doppler

information and a variety of data channels, is ordinary low-index phase

modulation.

There is a practical upper limit to the amount of data which can be

modulated onto the tracking carrier. This limit is generally high enough to
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be of only academic interest in the case of the command link, but it

can be of concern to an extremely high data bandwidth telemetry system.

When the data bandwidth is this large, the overriding concern in the

design of the communication link is the recovery of this data with the

least possible error rate, with the result that these considerations over-

shadow the tracking considerations. For example, under the above

condition, it may well be more efficient to utilize wideband FM, with a

frequency -following phase-locked receiver at the ground terminal.

If the telemetry data bandwidth is inordinately large relative to the

tracking information bandwidth, some of the advantages of integrating

the functions tend to disappear. The exact break-point can be the subject

of a detailed tradeoff study, but it appears to be somewhere in the vicinity

of several megacycles per second.

3. TYPE OF TRANSPONDER

The type of transponder must be matched to the form of carrier

modulation chosen. When phase modulation is used, a phase-locked

transponder, while not essential to a two-way doppler measurement sys-

tem, is the obvious choice for an integrated TTC system. The phase-

locked loop provides a carrier frequency for retransmission which is

coherently offset from its received frequency. Doppler information is

extracted on the ground by comparing the transmitted and received

carrier frequencies, taking into account the coherent frequency offset

effected by the transponder. The phase-locked transponder permits

coherent detection of thL command modulation, which for a given set of

uplink parameters (transmitter power, antenna gains, receiver noise

figure, etc.) maximizes the output signal-to-noise ratio and hence mini-

mizes the probability of command bit error.

Telemetry and/or voice subcarriers can be combined and phase-

modulated onto the downlink carrier. Ranging information from the uplink

can be coherently detected and remodulated along with the data subcarriers.

At the ground station, extraction of the data and ranging information is a

straightforward matter.
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4. MULTIPLE-STATION TRACKING

For telemetry and command functions, it is sufficient to establish

two-way communications with the spacecraft from only one station at a

time. Nothing (except perhaps some degree of reliability through redun-

dancy) is gained by having stations at different locations simultaneously

communicating with the vehicle. This is not always true, however, for

the tracking function. In some situations it is desirable to have the

capability of simultaneously measuring range and range rate to the

vehicle from at least three widely separated geographic locations (i. e.

trilateration). As described in the previous section, measurement of

these parameters from one station presents no problem and, in fact,

measurement of doppler from several stations simultaneously, using

state-of-the-art atomically stabilized oscillators for frequency refer-

ences, is entirely feasible. The most difficult problem is that of multiple-

station ranging.

When the beacon consists of a single-channel, phase-locked transponder.

rapidly time-sequenced interrogation (synchronized) is feasible under

certain circumstances. An example of rapidly time-sequenced interroga-

tion by properly synchronized ground stations may be found in the Secor

system. In this system, the ground station transmission periods are

synchronized so that no overlap will occur at the vehicle transponder,and

up to four interrogating ground stations each sample the transponder at a

rate of approximately 30 samples per second. This relatively high

sampling rate implies the necessity for a broadband transponder to

rapidly acquire the signal transmitted from each station, with the result

that it is not feasible to take advantage of the narrow vehicle transponder

bandwidths which are normally achievable with a phase-locked unit.

At the same time, in order to assure satisfactory performance of

the ground receiving systems, it is necessary that these ground receivers

by phase-locked receivers whose bandwidths are small relative to the

sampling rates, so that the sampled nature of the input signal does not

produce substantial performance degradation. In addition, there is a

severe problem of stability of the phase-locked receiving system con-

sidered as a servomechanism, This is because, for stable operation,

the uncompensated dynamic effects must give rise to sample-to-sample
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carrier phase shifts substantially less than 90 degrees. For typical con-

ditions, this requires at least acceleration compensation and may give

rise to considerable difficulties with the phase errors introduced by jerk.

This stability problem becomes progressively more difficult as the

carrier frequency increases, inasmuch as the phase shifts scale directly

with carrier frequency. The result is that the ground receiving system

design becomes extremely difficult and complex if the receiving system

is to be capable of operating with relatively extreme vehicle dynamics and

with a carrier frequency in the microwave region. In particular, this is

true for a system which operates in the 2-gc band, in which the stabiliza-

tion of the ground receiving system appears prohibitively difficult. The

desirability of using the 2-gc band will be discussed in Section D. - of

this appendix.

In view of the situation here described, both for the beacon and for

the ground receiving system, it must be concluded that an integrated CW

TTC system with a single-channel transponder will not prove satisfactory

for essentially simultaneous interrogation by a number of ground tracking

stations. A partial solution to the limitation imposed by this would be to

employ an interferometer configuration in the ground tracking stations.

While somewhat higher accuracies might be achievable in this way than

with a precision monopulse or conical scan tracker, the cost, complexity.

and the siting and operational problems of such a system would be verv

large. An alternative solution would be to employ a multiple-channel,

phase-locked transponder. However, this type of operation is almost

tantamount to employing a number of distinct transponders equal to the

number of ground stations which are to be able to interrogate the beacon

simultaneously. In view of the normal limitations on space vehicle size,

weight, and power, the use of multiple-channel phase-locked transponders

does not appear to be a satisfactory general solution to the trilateration

problem, alth -ugh it might well be employed under special circum-

stances.

The onz type of CW tracking system which does not fall within the

range of the preceding discussion of simultaneous interrogation of a

phase-locked transponder by a number of ground stations is the system

typified by the Goddard range and range-rate system. In this system,
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the basic transponder is essentially noncoherent, and doppler data are

obtained by transmitting a suitable multiple of the transponder local

oscillator frequency along with frequency-offset versions of the signals

received on each of three receiving channels. By use of appropriate

receiving and combining techniques in the ground receiving systems, the

doppler data can be reconstituted from the received signal even though

the transponder is not strictly coherent. The transponder employed for

the Goddard range and range-rate system does employ a three-channel

receiving system and a combiner through which the signals received

from the three IF's are combined and modulated onto a single retrans-

mitted carrier. This carrier is locally generated in the transponder

from the same crystal oscillator which provides the receiver local

oscillator signal after appropriate frequency multiplication. Although

this type of system does indeed permit simultaneous trilateration, it is

not attractive for use in an integrated TTC system. This is because the

basic character of the system does not encourage recovery of a clean

carrier onto which telemetry data are modulated on the downlink. While

undoubtedly the system could be modified to provide some 'capability in

this direction, its potentialities for use as an integrated TTC system

are distinctly limited relative to the possibilities inherent in a system

employing a phase-locked transponder. We must conclude that a system

of the Goddard range and range-rate type should be regarded as a spvcial-

purpose CW tracking system with very limited possibilities for the trans-

mission of additional data. For this reason, it is not considered to be a

suitable system configuration for expansion into a general-purpose inte-

grated TTC system.

C. THE DYNA-SOAR INTEGRATED TTC SYSTEM

The Dyna-Soar communications and tracking subsystem consists essentially

of a C-band pulsed radar transponder, a two-way UHF system (used as

a command or voice backup and as a recovery aid), and an integrated

TTC system operating in the SHF band. This TTC system differs in

many respects from other system designs. The SHF uplink carrier is

modulated with commands,voice, and ranging information. The SHF

downlink is modulated with telemetry data, voice, and ranging informa-

tion. The ground antenna angle tracks on the SHF signal. All of these

features are consistent with the usual objectives of an integrated system;
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however, the tracking system does not measure range rate. Presumably,

this is because the function was not specifically required by this particu-

lar mission. Consequently, the use of phase modulation and a phase-

locked transponder are not required. The Dyna-Soar system uses FM in

both directions, and the vehicle-transmitted carrier is not coherently

related to its received carrier.

The parameters chosen for the ranging system are not very stringent,

and again were apparently chosen to fit the particular mission require-

ments. The specified performance parameters are approximately:

Resolution 1500 ft

Accuracy 4500 ft

Maximum Unambiguous Range 500 mi

The angle-tracking portion of the system is designed for moderate

precision (about 0. 2 deg). For most space vehicle applications, these

angle and range specifications would be inadequate. The choice of carrier

frequency was dictated by the requirement to maintain communications

during the critical reentry period when an ionized sheath is built up

around the vehicle that would render communications impossible at lower

frequencies. It is somewhat higher than would normally be chosen for a

general purpose integrated TTC system.

In conclusion, the Dyna-Soar SHF integrated TTC system choices of

carrier frequency, modulation method, transponder configuration, and

tracking performance are not optimized for general purpose space vehicle

applications, although they may well be for that particular mission or one

with very similar characteristics.

D. A GENERAL-PURPOSE INTEGRATED TTC SYSTEM FOR SPACE
VEHICLE APPLICATIONS

I. REQUIREMENTb

It has been shown in the previous sections that, while an integrated

TTC system can provide distinct advantages in terms of hardware

economies, it is not universal in its applications. bpecifically, it should

not be considered as the solution to the problems of skin-trackingY,

reentry tracking, ultra-high precision tracking of booster vehicles,

trilateration ranging, and transmission of extremely high data bandwidths.
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The integrated system designed for support of space vehicles under a

wide variety of free-flight conditions should be capable of tracking in

four coordinates (range, range rate, azimuth, and elevation). The rang-

ing system should be of moderate precision (less than 100 ft) and should

be unambiguous out to at least several thousand miles. Range rate and

angular tracking accuracies should be consistent with performance

achievable from coherent doppler techniques (a few tenths of a foot per

second) and good quality antenna and servo design (about one milliradian).

Concerning angular tracking accuracies, once the carrier frequency is

chosen to be high enough to avoid significant ionospheric refraction errors

and as long as the antenna diameter is large enough to make X/D

sufficiently small, the achievable performance is primarily dependent

on the degree of sophistication built into the mechanical structure of the

antenna and the servo, and is rather independent of the remainder of the

RF system design. The bandwidth of the command data channel should

be sufficient to accommodate the expected command bit rates, along with

allowance for redundant coding for security purposes. The telemetry

system should be capable of accommodating both analog and digital tele-

metry, and for manned missions provision should be included for two-way

voice communications.

While the concept developed in this section is designed primarily

for the free-flight regime, it should nevertheless prove applicable in

most respects to other instances in which integrated TTC systems might

be employed.

2. CHOICE OF FREQUENCY BAND

The system would operate in the 2-gc band, for a number of reasons.

First, the carrier frequency is sufficiently high so that ionospheric

errors (which are inversely proportional to the square of frequency) do

not preclude the possibility of precision tracking for trajectory and orbit

determination. Ionospheric errors are worst at low elevation angles,

when the vehicle is within the ionosphere, and when the component of

vehicle velocity transverse to the line of sight from the tracking station

is large.
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The parameters for a rather severe case considered in a recent

National Academy of Sciences report (Reference 1) are:

Target altitude i60 nmi

Target range 660 nmi

Transverse velocity 10, 000 ft/sec

Elevation angle 6 degrees

With these parameters, the uncorrected ionospheric errors for a 2, 000-

mc system and a normal ionosphere are as shown below:

Range bias t0 ft

Angle bias 8 Lrad

Range-rate error 0. 3 ft/sec"

These errors can be reduced considerably by using a Chapman model of

the ionosphere to correct the ionospheric biases. (A "rule-of-thumb"

estimate for the standard deviation of the corrected values is one-third

of the correction made. ) Thus, in particular, the one-sigma value of

the range rate error after such correction would be about 0. 1 ft/sec.

Galactic noise is very low in this band and low-noise parametric

and maser amplifiers are feasible, so that the sensitivity of ground

receiving systems may be made extremely high. Spacecraft transmitters

of relatively high efficiency are currently available and state-of-the-art

advances within the next few years will provide substantial increases in

transmitter efficiency and power output. The availability of solid-state

transmitters with adequate power outputs (several watts) in the Z-gc

band (see Appendix XXI) is extremely important for transponder weight

and reliability considerations.

In this portion of the spectrum, the wavelength is short enough to

permit precision doppler tracking and to render feasible extremely pre-

cise angle tracking with antenna apertures of reasonable size. At the

same time, the wavelength is sufficiently long so that the mechanical

tolerances can be met for fabrication of suitable antennas with diameters

An obvious numerical error in Reference I has been corrected to
obtain the range rate error given.
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as large as 250 feet. Adequate spectrum space is available to accom-

modate data links with multimegacycle bandwidths and to permit the

simultaneous operation of a relatively large number of vehicles. It is

feasible both to achieve substantial vehicle antenna gain with apertures

of reasonable size or to design wide coverage vehicle antenna patterns

if desired. Finally, at this wavelength and with ground apertures of

the sizes required, beamwidths will be sufficiently wide so that acquisi-

tion and beam-steering will not pose insurmountable problems, and

sufficiently narrow to render possible increased efficiency in spectrum

utilization by taking advantage of the directivity to achieve vehicle dis-

crimination and to employ time-sharing among several vehicles on the

same frequency channel.

The wavelength at Z gc is also short enough to permit construction

of low sidelobe antennas, which is important for low noise receiving

systems as well as reduction of mutual interference. This 2-gc band,

which appears to be optimum for a wide variety of orbital and deep space

missions, is not the optimum frequency band for precision guidance and

tracking during the initial powered flight of a launch vehicle. On the

contrary, because of the increased instantaneous accuracies which are

required for this latter type of operation to compensate for the fact that

the vehicle is accelerating and its motion is not essentially Keplerian,

tracking systems operating in the C- or X-bands appear to be a superior

choice. This circumstance illustrates that different types of operation

will, in general, require the use of different frequency bands and different

types of systems if optimum performance is to be obtained.

3. OVERALL SYSTEM CONFIGURATION

Because of the requirement for relatively wide-bandwidth telemetry,

a pulsed system is considered unsuitable. The system configuration

contemplated for a CW integrated TTC system for use in the Z-gc band

on a variety of space missions includes a basic phase-locked transporder

in the vehicle and a ground station consisting of a frequency synthesizer,

a power amplifier transmitter, a low-noise receiving system, an antenna

and servo, and doppler extraction equipment. The ground receiving
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system would employ a CW monopulse technique for angle-tracking,

although conical scan could be used, and the station would be equipped

with telemetry demodulation equipment, command generation equipment,

and encoding and decoding equipment compatible with the spacecraft

equipment described in the following paragraphs.

In the interest of flexibility and to accommodate the great number

of commands which may be required, the basic command system would

be digital. A simple tone command system might be employed as a

backup, to provide a limited command capability in case of failure of

the digital system. The primary telemetry system would be digital,

again because of the flexibility and efficiency of digital data transmission

techniques, while provision would be made for transmission of analog

telemetry data JFM/FM and PAM/FM) where required. The term

"telemetry" includes all data transmission from the spacecraft and does

not refer exclusively to the transmission of spacecraft housekeeping

information. The emphasis in both the command and telemetry systems

would be upon flexibility to meet the requirements of a wide variety of

missions. For this purpose, a modular or building block concept would

be employed, so that the command and telemetry system required for a

particular mission could be assembled quickly and efficiently from a

number of standard modules. In general, the choice of modules would

differ with the required bit rates, which might range from a hundred or

so bits per second, or even less, to one megabit per second. Digital

telemetry or commands would be encoded on the transmission from or

to the space vehicle either by use of direct biphase modulation with

residual carrier or by biphase or frequency modulation of a subcarrier.

Analog data transmission from the spacecraft would be by frequency or

phase modulation of a subcarrier and a similar technique would be em-

ployed for tone commands or voice transmission on the uplink. An

Monopulse is particularly advantageous when tracking a tumbling
vehicle, since the amplitude fluctuations caused by the tumbling motion
can cause adverse effects on a conical scan system if they contain
frequency components near the nutation frequency.
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important consideration for some missions would be the security of the

command link and the telemetry (data) link. Such security would be

provided by suitable encryption and decryption units available in add-on

modular form. The modular telemetry system would incorporate pro-

vision for various types of data storage and pretransmission data

processing for redundancy reduction and efficient coding, as required.

The basic phase-locked transponder would be a very sensitive double-

conversion unit, generically similar to those which have been employed

in previous programs. The transponder design would be compatible with

either a solid-state transmitter with an output from a fraction of a watt

to a few watts or a relatively high-power transmitter employing a travel-

ing wave tube or an amplitron. The choice of the particular transmitter

configuration would be made on the basis of mission requirements, with-

particular reference to output power required, efficiency, and the relia-

bility requirements of the mission; the solid-state transmitter, while

somewhat less efficient than an amplitron transmitter, would be consider-

ably more reliable. A final modular add-on capability would be a CW

ranging unit (multitone or swept subcarrier) for use on those missions

where precision range information was required.

In the preceding system design discussion, emphasis has been placed

on achieving a system concept which permits the utmost in flexibility and

versatility at minimum cost and in a fashion compatible with the basic

components of the system. For this reason, the modular or building

block approach is felt to be the only satisfactory design approach in that

it permits the system to be tailored to the specific mission requirements

without requiring extensive new design and development, while retaining

full compatibility with the basic system components. In addition, the

basic system may be developed and placed in operation in minimal time,

and the additional building blocks and add-on modular features need be

developed only as required. Reliability is not compromised for the sake

of versatility since all functions which are not required for a specific

mission are deleted, with the additional consequence that size, weight,

and power requirements are minimized. Moreover, the modular building

block concept permits extreme flexibility in the form factor of the

assembled spacecraft communications (TTC) package, in order to fit

within the confines of the space available for various missions.
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Although digital techniques have been strongly emphasized, it has

not been felt desirable to insist that all data transmission on the up and

down links be required to be in a digital format since for special purposes

there are distinct advantages to be obtained from retaining an analog

format. These advantages include simplicity of the spacecraft equipment

required for vibration and video data and voice transmission, and the

relatively efficient performance which may be achieved by FM trans-

mission of this information, particularly if large deviation FM is used

and frequency-following demodulators are employed in the receiving

system.

4. THE DATA SUBSYSTEM INTERFACES

Present practice with telemetry and command systems places the

interface between range and range user at the transmitted RF link. C )m-.

patibility is achieved by specification of carrier frequencies and irodula-

tion forms. Tracking systems utilizing vehicle transponders generally

have the complete transponder package defined under range cognizance,

and the interface with the user is in the area of prime power, physical

requirements, and antenna pattern design. Adoption of the concept of a

general-purpose range-operated TTC system would mean that the data

system interfaces would bear a closer resemblance to those presently

encountered with tracking systems. That is, the bulk of the vehicle

package would be defined under range cognizance.

The modular design of the telemetry system would place the hardware

and subsystem interface between the range user and the range at the telem-

etry video inputs. The net limitations would not be much more severe

on the range user than present IRIG telemetry standards, the main differ-

ence being that the range-specified transponder would eliminate the need

for the user to develop telemetry modulators, transmitters, transmitter

couplers and associated power supplies. The user would, however, be

responsible for design, fabrication, and installation of the TTC trans-

ponder antenna system on his vehicle. Telemetry subsystem checkout

and calibration should be little more complex than at present. Digital

telemetry word and frame structures and rates should be determined by

flight computer and experiment requirements.
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For most applications of an integrated TTC system, it is unlikely

that telemetry bit rates greater than I megabit/ sec per RF link will be

required for instrumentation. (Certain missions may require 10 or 20

megabits/sec for transmission of payload data.) Analog data encoding

accuracies of greater than 8 bits will be required in the integrated systems

based on realizable analog transducer accuracies and resolutions. The

TTC telemetry subsystem capability should provide for a minimum of one

PCM telemetry multiplex of up to I megabit/sec capacity, and one FM/FM

multiplex of at least 100-kc baseband bandwidth. The output interface for

the telemetry function would be the same as that of present day practice.

The command system interface would be similar to that of telemetry

with the input being at the video input to the ground station command

encoder, and the output being at the switch closure or gates in the space-

craft.

Minimum requirements for voice communications on manned missions

will include one link up and one down, capable of simultaneous operation

with any or all other TTC system functions. Voice link requirements are

not very demanding on the TTC system in terms of information rates or

accuracy (about 3-kc bandwidth). Both ground and vehicle TTC subsystems

would provide for direct audio signal inputs and demodulated audio outputs.

Use of the link for other compatible purposes, e. g. , time-sharing it with

facsimile, would be left to the discretion of the user.
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Appendix VII. GLOTRAC

A. INTRODUCTION

An important metric system, recently developed and now being readied for

operational use, is the Glotrac system. The purpose of this appendix is to

review briefly some of its historical background, to describe its present

configuration, and to discuss possible methods for upgrading the capabili-

ties of this system.

Approximately three years ago, requirements were placed on the National

Ranges for a metric capability that could not be fulfilled with any existing

system. Specifically, these requirements were for accurate metric instru-

mentation (particularly with respect to velocity) of booster burn periods

in widely dispersed geographic areas, outside the coverage of the Mistram

system then under development. This capability was required for low

(approximately 100 miles) altitude events in three areas (500 to 1000 nmi

downrange from Cape Canaveral, the Ascension Island area, and the Manus

Island area in the Western Pacific), and high (approximately 20, 000 nmi)

altitude events in two areas (over the Equator at approximately 90 deg

East and 105 deg West). The locations of these events were determined

by the requirements of two possible trajectories for placing a satellite

in a Z4-hour synchronous equatorial orbit using a second stage booster

capable of three burn periods.

It was in response to these requirements that the development of the

Glotrac system was inititated in 1961. It was immediately apparent that

a single station tracking radar could not be built to meet the very high

accuracy requirements. The emplacement of interferometers at locations

suitable for instrumentation of the required areas was also unattractive,

because of the high cost of this type of system and because of the difficulty

in obtaining suitable land masses for their deployment. Further, it

could be forseen that future space missions would have similar requirements

in other geographical areas, and it was therefore desirable to use a type

of instrumentation which was inherently mobile and did not require the

extensive site preparation of an interferometer.
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The Glotrac system was configured about the basic concept of trilatera-

tion (or more generally multi-lateration), which had been under study

prior to initiation of hardware development. This concept is ideally suited

for instrumentation of burn periods at locations widely dispersed throughout

the world, since it permits siting flexibility and requires nominal (i. e.

msec) timing synchronization between stations.

B. THE PRESENT GLOTRAC SYSTEM

The Glotrac hardware, as originally developed, provides independent range

rate measurements from each station for a velocity trilateration, but does

not provide for simultaneous range measurements from all stations. In-
stead, it utilizes a variety of methods for position determination, and

different methods can be used at each set of stations (or "segment,"

as they have come to be known). One method of determination is to simply

use an independent pulsed radar (e. g. FPS-16 or TPQ-18) measuring

range, azimuth, and elevation (RAE) from a site which need not necessarily

be located with one of the rate measurement stations. The resultant position

determination is less accurate than that of a range trilateration, and in

fact the position determination accuracy is essentially that of the single

station radar. As can be seen by a review of the error propagation

equations in Appendix XII, the reduced accuracy of position determination

reflects in a degradation of velocity determination, since position errors

couple into velocity errors in a significant way. A variation of this method

which could be applied would be to make pulsed radar measurements from

two of the stations, and to combine these radar data in a statistically

redundant fashion. It is easy to visualize that this situation would provide

better results. If this were carried one step further, one would have a

complete three-station range and range rate solution. In any of these cases,

however, observe that two vehicle transponders are required, since the

range measurement is made by a pulsed radar technique, while the range

rate is measured with a CW system.

It should be mentioned that doppler data simultaneously taken from
other stations can enhance the position determination accuracy, and
in principle a six-station pure doppler configuration can determine
vehicle position without any range or angle measurements.
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Another means of measuring range with the Glotrac system is through

the "ranging module, " bymeans of whichrange is measured from a Glotrac

master station utilizing a CW technique. In this configuration, the CW

carrier used for measurement of two-way doppler is modulated with ranging

sidetones which, after being transponded in the phase-lockeddopplertrans-

ponder and returned to the ground, are detected and processed to provide

a range measurement from the master station. Since angles are not meas-

ured by the Glotrac CW equipment (in a precise sense), this information

alone is insufficient for determination of vehicle position, and it must still

be augmented by data from an RAE radar using a separate vehicle trans-

ponder, and preferably located at a site other than that used to measure

CW range.

One obvious combination of hardware to achieve a complete three-station

range and range rate solution is to install the CW ranging module at the

Glotrac master station containing the transmitter used for multiple station

doppler, and to install a C-band pulsed radar at those slave stations which

are passive receiving sites for the CW portion of the system. Such a

combination is indicated in the PMR Development Plan of January 1963,

which lists the following:

* Buka - R transmitter, R receiver, CW ranging

0 Los Negros and Ponape - MPS-25 and A receiver

When the vehicle is mutually visible to all three stations, a complete

solution exists and the angular data obtained from the two radars are

redundant, i. e. they make an insignificant contribution to the solution.

When the vehicle is visible to either Los Negros or Ponape, but not

mutually visible to all three, a radar solution (RAE) exists for position,

but no solution exists for velocity except that obtained by numerical

differentiation of the radar position data.

As can be seen from the preceding description, there is a wide variety

of possible methods for determining vehicle position using the Glotrac

system in conjunction with the C-band pulsed radars. Still another Glotrac

configuration is that in which position and velocity are measured by inter-

ferometric techniques. The Glotrac system has been designed so that its

transponder is compatible with the Azusa Mark II (modified) at Cape

Canaveral, thus in the vicinity the Azusa ground station can be used.
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There are also plans to install a rate-only interferometer configuration

at Ascension Island, since suitable land masses are not available for a

trilateration configuration and since the expected work load and political

stability of the territory apparently justify the investment for an installa-

tion of this type. Position information from Ascension is obtained by a

TPQ- 18 pulsed radar.

The original decision to implement Glotrac so that it depended on the

pulsed radars, with the attendent requirement for two vehicle transponders,

was apparently heavily influenced by the short time remaining before

the first scheduled launch of the program which was to have used this system,

and possibly by funding limitations. Whatever the reasons, it was recog-

nized from the beginning that this situation was not optimum for the long

run. The Glotrac was therefore designed to provide a growth potential,

in which the system could evolve into one in which both range and range

rate measurements could be made from all stations (using CW techniques),

and the dependence on the pulsed radars could be severed.

C. THE IMPROVED GLOTRAC SYSTEM

i. GENERAL

There are several methods by which range measurements can be

made from each of the Glotrac stations. As described in Appendix VI, a

phase-locked CW transponder is ideally suited for measuring range and

range rate from a single station, in which the return signal is compared

with the transmitted signal to achieve the desired measurements. If

range and doppler data are to be simultaneously measured at the other

stations, using the same transponded signal transmitted from the vehicle,

the other station must have a time and frequency reference similar to

that at the master station with which to compare the received signal.

Doppler data extraction requires only a suitable frequency reference,

which is available in the form of atomically stabilized oscillators. If the

carrier is generated at the transmitting site by such an oscillator, and

the signal received at another site is compared with an independent oscillator

whose frequence relative to the first is known with sufficient accuracy,

usable doppler data can be extracted at the passive receiving site (or any

number of such sites). The physical interpretation of doppler at the out-

lying site is not range rate from that site, but rather rate of change of
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the range sum from the master station to the vehicle to the slave station.

This is precisely the doppler implementation utilized in the existing

Glotrac system design. State-of-the-art oscillators are available today

whose accuracy and long-term stability are such that they contribute

substantially less than 0. 1 ft/sec error to the range-sum rate measure-

ment.

By contrast, the measurement of range at the outlying stations in a

manner analagous to that just described for a range rate measurement

requires the slave station to have a time standard whose epoch is synchro-

nized to that of the master station to about 10 nanoseconds for a 10-ft

error in (one-way) range sum measurement. Techniques for achieving

this accuracy over distances of hundreds of miles are not expected to

be available in this decade. (A method for achieving this kind of time

synchronization by means of a satellite is described in Appendix X.)

Several possible methods for achieving simultaneous range measure-

ment (or the equivalent thereof) from multiple ground stations, based on

utilizing the Glotrac CW techniques and hardware, have been under study

for some time. At present there is no one implementation which can be

labeled "The Improved Glotrac System. " Three prominent possibilities

will be described in the following paragraphs. An optimum choice of

precisely which method should be used to implement the improvement

phase depends on the particular mission requirements to which the improved

system would be applied. The three principal implementations considered

herein are:

* Multiple master stations, as planned for use at WSMR

One master station and multiple slave stations, using

multiple coherent transponder channels, as described in

the document "Analysis of Azusa/Glotrac and Mistram Needs,

PAWA Document MT 63-55922, dated 15 February 1963

One master station and multiple slave stations, using one

coherent transponder channel and one or more wideband

transponder channels
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Simplified block diagrams of these three implementations are given

in Figures 1, 2, and 3, respectively. The first implementation is fairly

well defined since plans are progressing to utilize this system for tra-

jectory determination in the Guidance Evaluation Missile (GEM) program.

GROUND STATION ITYP) VEHICLE TRANSPONDER Figure 1.
f FREQUENcyI

Trilateration With Improved Glotrac -

SMRMultiple Master Stations

CRER RECEIVER

Q/ 2RSIMULTANEOUSLY INTERROGATiNG

MASTER STATION VEHICLE TRANSPONDER SLAVE STATION RYP)

__FEQUE NCY REFERE NFREJ 
QUENCY REFRENCEI

~CARRIER,

TIME REFERENCE 
MOOTE 

M E FNNLRCIE . 'm s

MDULA IN2

MOSULATIOA

C CARR IER

IT",

2i Mi s )  
7 ANSPONDE R SLAVE CHANNEL MAY K DUPLICATED FOR L

1i EACH SLAV1E STATION, 00 MAY BE TIME-SHAR{ED

Figure 2. Trilateration With Improved Glotrac -

Coherent Transponder Channels
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MASTER STATION VEHICLE TRANSPONDER SLAVE STATION (TYP)

f T' REFERENCE '

MODULAMODULATIO

MODLAIO

( 2RM EAOHULATION

MODSR

2 (R
M  RS)

Figure 3. Trilateration With Improved Glotrac-Coherent
and Wideband Transponder Channels

The other two implementations are more preliminary and hence leave

several design decisions open to choice. They each contain several

possible variants which will be briefly described, but these variants

are considered to be minor details rather than fundamental in character.

2. MULTIPLE MASTER STATIONS

As seen in Figure I each ground station consists of the following

elements: a transmitter, a receiver, a doppler extraction unit and a

ranging module. The last two items have been simply designated by

circles containing an X. " Each ground station is identical except for

a frequency offset in the transmitter which is required to avoid mutual

interference in the transponder. In this configuration the frequency

reference need not be an atomically stabilized oscillator, but its use is

being planned at WSMR because the Glotrac systems as presently imple-

mented contained these oscillators. The transponder is seen to consist

of multiple phase-locked loops, each essentially identical except for the

frequency offset between channels. The weight, volume, and power
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requirements of the vehicle transponder are essentially n times those

of a single transponder, where n is the number of channels used. The

use of a common mechanical structure and the integration of certain of

the circuitry (e. g. the power supplies) will reduce these figures some-

what. The deployment plan at WSMR is for use of six ground stations

and a 4-channel vehicle transponder. At each segment of the trajectory,

the four stations having optimum geometrywill be used in an active mode,

while the other two will receive passively. The configuration choices,

including the number of ground stations, the number of transponder

channels, and the method of sharing the transponder channels, have been

made to optimize the accuracy for GEM application.

A possible variation of the above has been considered at WSMR.

This variation would utilize a single-channel vehicle transponder.

Doppler measurement would be as presently implemented in the Glotrac

system. Range measurements would be made by transmitting the

ranging reference signals from the master station to each of the other

ground stations. The accuracy requirements for synchronization of

the stations in this application are identical to those required by the

baseline synchronization links of an interferometer system. However,

the implementation considered here would be to measure range sums at

the slave stations rather than range differences as implemented in the

Mistram system. This type of.application is more feasible at WSMR

where the stations are confined to a limited geographical area. However,

this type of range loop measurement does not appear feasible for applica-

tions in which the baselines are several hundred miles long.

3. MASTER AND SLAVE STATIONS USING MULTIPLE COHERENT
TRANSPONDER CHANNELS

A simplified block diagram of this implementation is shown in Figure

2. The slave station itself is a coherent transponder in which the signal

transmitted to the vehicle is derived from the signal that has been trans-

ponded via the vehicle from the master station. A suitable frequency

offset is provided so that the retransmitted signal will enter the slave

channel of the transponder. The slave channel is like the master channel

in that it is a phase-locked loop, and its output frequency is coherently
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offset from its input. The output of the slave channel can be received at

the master station, where it is compared with the original transmitted

references to provide output data of range sum and range sum rate.

By duplicating the sections of Figure 2 marked "Typical" (slave

station, transponder channel, and slave station receiver at master

station), the master station can continuously derive range sum and

range sum rate to each of two slave stations. An attractive feature of

this configuration is that all of the data necessary to measure position

and velocity is available at the master station; therefore only one high

speed data handling and transmission system would be needed for real

time data. In a fashion similar to that described in Section C. 2 of this

Appendix, more than three stations could be used with a three-channel

transponder by effecting a handover at the appropriate places in the

trajectory. The slave station range sum and range-sum-rate data, in

conjunction with the master station range and range-rate data, are then

computer-processed to provide a three-station range and range-rate

trilateration solution.

An alternative to this method is to use only one slave channel in the

transponder and to time-share it rapidly between slave stations, under

control of the master station. This mode of operation requires use of

the command and timing feature (designed into the present Glotrac

system) by means of which the master station, via its vehicle transponder

channel, controls the sequencing operation at the slave stations. The

slave station transmitters must be turned on and off at the sampling

rate, which is undetermined at present but probably greater than once

per sec. Each slave station may have the same nominal carrier center

frequency, but differences in doppler shift from each slave station will

cause the phase-locked loop in the transponder slave channel to unlock

when the sequencing takes place. The slave station transponder must

have a sufficiently wide loop bandwidth to permit rapid lock-on to the new

signal within a small fraction of the sampling period. The same is true

for the slave station receiver at the master ground station.
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Range sum rate is extracted at each slave station on a continuous

basis. In the data reduction process, the difference between slave station

range sum rate and master station range rate can be integrated to inter-

polate the slave station range between the periods of active range measure-

ment. By this means all of the necessary data is available on the ground

to compute a three-station range and range-rate trilateration solution.

The technique of synchronization of the stations via the transponder, for

correlating the data-taking operations and time-tagging the data itself,

should not be interpreted as synchronization of the sort which would permit

the resultant system to be viewed as a wide baseline interferometer.

When the two-coherent-channel configuration with sequencing is com-

pared to the three-coherent-channel configuration, it is seen that the former

has the advantage of less transponder weight, volume and power, and the

disadvantages of more complexity in the ground station (principally be-

cause of the sequencing process), increased computational requirements

in the data processing, and increased requirements on the ground data

transmission since all of the required data is not extracted directly at

the master station. Figure 2 illustrates an optional method for extraction

and recording of backup data at the slave station. If there is one trans-

ponder channel per active slave station, the atomic frequency reference

and the extraction of range sum rate at the slave station is also a redundant

backup. However, if the transponder slave channel is time-shared,the

performance of these functions is essential to the solution.

Transponder weight, volume, and power requirements given in

Section C. 2 of this appendix are applicable to this section as well, since

each channel is a complete phase-locked loop using essentially identical

circuitry. It is assumed that the transmitter power output of each trans-

ponder channel would remain the same as that of the present design and

that the frequencies would be sufficiently separated to permit combining

the two (or three) transmitter outputs with a low-loss multicoupler to feed

a common antenna.
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D. MASTER AND SLAVE STATIONS, USING WIDEBAND
TRANSPONDER FOR SLAVE STATION RANGING

A simplified block diagram of this configuration is shown in Figure 3.

By comparison with Figure 2 it is seen that the manner in which the

transponder and the various ground stations are interrelated is similar,

the principal difference being that the slave channel of the transponder

is noncoherent. The result is that range sum rate cannot be extracted

at the master station, but it is available at the slave station.

The transmitted carrier frequency at the slave station could be derived

by coherently offsetting its received carrier as shown in Figure 3, or

from an atomically stabilized oscillator. The prime advantage of this

mechanization is that minimum hardware addition is required in the

vehicle transponder. The local oscillator and input mixer can be common

with the master channel. The second signal is amplified in an auxiliary

IF strip whose center frequency is offset from that used within the phase-

locked loop. The local oscillator tracks the signal from the master station,

and the center frequency of the signal within the auxiliary IF strip is

separated by the nominal offset introduced at the slave station plus the

two-way doppler shift resulting from range rate to the slave station.

Therefore, the IF bandwidths must be wide enough to accommodate this

doppler shift, plus that bandwidth required to include the ranging side-

bands on the signal itself. (If the slave station transmitter carrier were

derived from an independent frequency reference, the bandwidth require-

ment would be about the same. ) For a range rate to the slave station of

plus or minus 20, 000 ft/sec, the IF bandwidth requirement is 400 kc for

doppler effects plus 200 kc to accommodate the modulation sidebands.

To maintain the signal-to-noise ratio above threshold in this IF strip

requires sufficient signal strength to provide at least a 10 db S/N ratio in
a 600-kc bandwidth. Comparing this with the coherent loop whose band-

width is a small fraction of the above, and with a lower threshold require-

ment, it is seen that the noncoherent channel requires at least an order

of magnitude more ground transmitter power than does the coherent

channel in order to reach the threshold. Furthermore, since the noncoherent

channel is open loop, it will not have the modulation phase stability of
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the coherent loop, which utilizes modulation wipeoff, and it will therefore

result in less accurate ranging.

Two principal means have been considered at AFMTC for retransmission

of the output of this auxiliary channel. The first method is to demodulate

the ranging tones by means of a discriminator and then to remodulate

them on the transmitted carrier derived from the phase-locked loop.

In order to distinguish these ranging tones from those in the master

channel, the slave station ranging tones must be of different frequency.

This could be accomplished by demodulation of the range tones at the slave

station and coherently offsetting these tones before remodulation onto

the slave station transmitted carrier. (The proposed technique appears to

require considerable care in its implementation to avoid the introduction

of phase ambiguities in the (coherent) frequency translation process.)

A second method for handling the output of the transponder auxiliary

channel would be to dliminate the tone demodulation and simply utilize

the entire output of the IF strip as an additional modulation on the master

channel carrier. This would appear as a subcarrier whose nominal fre-

quency is at the center of the auxiliary IF strip, and the result would be

a system which, as far as the slave stations are concerned, is essentially

identical in configuration to the Goddard range and range rate system.

With either method of retransmitting this slave channel information, the

transmitter power must be shared between the two signals with a net

reduction in power of approximately 3 db for each.

The foregoing discussion shows that the use of a noncoherent slave

channel results in a considerable S/N degradation in both the down and

the up links. For some applications at short ranges this degradation

may be acceptable, but it is not considered optimum for general purpose

system application. As in the case of the multiple coherent channels

(Figure 2 in Section C.3 of this Appendix), two separate slave channels

could be used with two slave stations to achieve a three-station range

solution, or a single channel could be time-shared. Since the prime

advantage to this is minimization of added hardware in the vehicle,

the time-sharing scheme is almost certainly preferable. The present

Glotrac type G transponder is constructed with some unused volume to

permit system growth. It is estimated that this volume is sufficient to
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accommodate the circuitry required to implement one noncoherent slave

channel as described in this Section.
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APPENDIX VIII. OPTICAL INSTRUMENTATION

This appendix presents (I) a review of current metric and other optical

instrumentation, and (2) a discussion of future requirements and trends

in optical instrumentation. No attempt has been made to detail specifi-

cations of all existing optical instrumentation since information as to

accuracies and details of specific instruments is readily available in

other publications. Requirements for future optical instrumentation and

the advantages and disadvantages of metric optical instruments are dis-

cussed in full, and the future approach to metric optics that may com-

bine electronic and optical measuring systems is presented.

A. CURRENT METRIC OPTICAL INSTRUMENTATION

i. INTRODUCTION

Metric optical instrumentation may be used to provide missile posi-

tion, velocity, and acceleration data for all portions of the trajectory.

A metric camera records space-coordinate, event-time information on

a film or plate, which is subsequently used as a basis for measurement

and calculation of missile position. The velocity and acceleration data

provided are a byproduct of obtaining missile position at known-time

intervals. The metric optical instrumentation system comprises the

cameras which record the information, the film reading equipment, and

the mathematical techniques which convert the photographic images into

digital data. The basic techniques of reading and data reduction are com-

mon to all metric camera systems.

Three basic types of metric cameras are currently available: fixed

cameras, cinetheodolites, and ballistic cameras. Fixed cameras and

ballistic cameras remain fixed in space and angular position, and photo-

graph the object as it moves through the field of view. The angular posi-

tion of the film plane is established by reference points in the object field

or by external graduated dials on the camera. Cinetheodolites remain in

fixed-space position, but change angular position as the operator tracks

the missile through its flight. The angular position of the cinetheodolite

is measured internally and recorded on the film frame with the event.
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These three types of cameras have been dce(-,1ipt!d and eunpl,-%( tW,

cover unique portions of the trajectory. Fixed tameras are used in thb

region liftoff through 5,000-ft-altitude range. The cinetheodolite provides

metric data up to 100, 000-ft altitude. The ballistic camera is used to

cover all other portions of the missile trajectory, at ranges up to 1,000

miles from the camera site.

2. BALLISTIC CAMERAS

The ballistic camera system is the most accurate optical instrumen-

tation available. It has three primary applications on the range

* Determination of missile trajectory position data

* Calibration of electronic guidance and tracking systems

0 Geodetic surveying by photogrammetric techniques.

The principle which gives the ballistic camera its ultimate accuracy

is the use of the star field as the calibration target. The ballistic camera

is fixed in space and angular position, and obtains a record of the flight

by photographing a light source on the missile as it passes through the

field of view. Exposures of the star field on the same film plate serve to

determine the angular orientation of the camera. The film plate consists

of an optically flat glass plate coated witl I photosensitive emulsion. The

spatial position of the instrument is predetef -lined by survey, which may

be photogrammetric, using the camera itself. Graduated dials on the

horizontal and vertical axes are used to point the camera in the direction

of planned missile flight.

In operation, a look angle is set, using the graduated dials, so that

the vehicle will pass through the field of view. Shortly before the test,

the shutter is opened for a short time to record a star position at that

known time. The vehicle angles are then computed from the position of

the missile on the plate.

Position is determined from the azimuth and elevation date from several

cameras. Angle is determined bv using the location of the camera, the

orientation of the film plate, and the angle between the film plate and

vehicle. The location of the camera is found by first-order survey; the

orientation of the plate is obtained by comparing the position!-: of stars on
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the plate with their known positions at that time, and the vehicle angles

are then computed from the position of the missile on the plate.

a. Application

The principal use of the ballistic camera system is in the cali-

bration of electronic guidance and tracking systems by determination of

trajectory. These data are used to correct residual and bias errors in

the electronic instruments. Simultaneous determinations of the flight path

are made by the electronic equipment and by the ballistic camera photo-

graphing a light source that is on board the missile or aircraft. For

missile application, the commonly used light sources are pyrotechnic

flares or flashing strobe lights. Aircraft calibrations are generally made

using strobe light sources carried aboard the aircraft. The requirements

for an onboard light source have limited the employment of ballistic

cameras to night flights carrying the required auxiliary light equipment.

The potential of the ballistic camera for range photography has

been considerably broadened by the development of synchronized shutters

which permit use of the rocket exhaust as the light source, and by filter

and film combinations which permit its use in daylight. The star field

may be recorded on the plate either the night before the launch or as soon

as possible thereafter. Critical temperature control of the instrument

during the intervals between exposures is a requirement to obtain accurate

measurements with this technique. With this capability the ballistic

camera may be employed during the launch phase to augment or replace

other metric camera systems. Because of the wider field of view of the

ballistic camera, it can provide data over a longer flight interval than the

ribbon frame camera currently used for early launch coverage.

b. Ballistic Camera Operational Problems

In common with all photographic systems employed for range

instruments, the ballistic camera system is weather sensitive. It is, in

fact, more susceptible to weather than other metric optical instrumenta-

tion because it is generally used for trajectory measurements at long

slant ranges. Ideally, for triangulation purposes, the cameras used to

obtain data on a flight would be located 120 deg apart. In practice, how-

ever, missile ranges do not permit this ideal location and the cameras
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are located at close to optimum sites along the proposed trajectory.

The geographical separation of individual camera sites may be several

hundred miles, so that each station may lose data because of local cloud

cover. Little can be done for this problem except to provide redundant

cameras and sites to minimize the possibility that local cloud cover will

cause complete loss of data. Where ballistic camera data is a definite

requirement, the problem can be handled only by launch scheduling

(holding or postponing the launch until weather conditions are satisfactory

at all camera sites).

The other principal operational problem of the ballistic camera,

i. e. , the requirements for an auxiliary light source aboard the missile,

was discussed in Section A. 2. a.

Aside from the payload penalty and flight system complexities

introduced by onboard flares or strobe lights, there is the problem of

telemetry RF interference. Flares have caused momentary transmission

blackouts on detonation, and the high-voltage discharges of strobe lights

have caused noise spikes on telemetry data channels. These effects

cause loss of telemetry data at critical moments when it is most needed

in order to correlate onboard events with external data.

The development of the synchronous shutter and flame-chopping

technique may not completely solve the problem for all applications of the

ballistic camera system since some rocket engines used on upper stages

may have flames with insufficient luminous intensity to provide satisfactory

images on the plate. The synchronous shutter will, however, permit the

use of a continuous light source rather than the present individual flare

or strobe light technique.

c. Ballistic Camera System Development

Since the first application of the ballistic camera for range in-

strumentation purposes, the ballistic camera system has undergone

intensive development in the following major areas:

Improvements have been made in the camera shutters

to provide synchronous operation of the shutters on

multiple camera installations. Further improvements

have been made in the screen shutters used to block

out portions of the field for daylight photography.

8-4



ESO.TDR-63-354 APPENDIX Vill
VOLUME 5 OPTICAL INSTRUMENTATION

The focal length of the lenses us.c. on ballistic cameras

has been increased from 210 to 1000 mm. This is not

simply a change in lens focal length, but represents

several complete new ballistic camera instruments.

A number of improvements have been made in the film

and filter combination employed in ballistic cameras to

permit operation in restricted areas of the spectrum.

The mobility of the ballistic camera has been greatly

improved by the development of system accessories,

i. e. , portable astrodomes, mounts, timing systems,

etc. Although the development of the ballistic camera

system has approached its practical limit, the following

areas are being considered for future development.

1. Mobile Complete Systems

At present the mobility of the ballistic camera applies only

to the photographic instrument itself. The plate must be returned to the

laboratory for processing, reading and data reduction. This, of course,

entails some delay in the delivery of data to the range user, especially

when the plates are exposed at sites far from the mainland laboratories.

The mobile complete system would provide processing and plate reading

capability at the camera site. After processing and reading, the data

points would be transmitted by radio or teletype to the laboratory for

computation and data reduction.

2. Longer Focal Length Cameras

Studies have been made to consider extension of the focal

length of ballistic cameras beyond 1,000 nmi. This increase in focal

length means the development of a new ballistic camera. The extension

of the camera focal length is accompanied by several new operational

problems. For example, as the focal length is increased, the field of

view decreases so that more cameras would be required to cover the

same trajectory interval. Alternatively, a tracking mount can be con-

sidered for use with a long focal length ballistic camera; however, this

introduces a new set of errors which could offset any advantage gained

by the focal length increase.
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3. CINETHEODOLITES

The cinetheodolite is the only tracking metric optical instrument.

It is employed to provide position, velocity, and acceleration data from

liftoff through the limits of its optical resolution, which for practical

purposes is approximately 100, 000-ft altitude. The cinetheodolite is

composed of a camera mounted on a refined transit with provisions for

recording the angular information (camera elevation and azimuth) on the

film frame. Range time is also simultaneously recorded on the film.

The cinetheodolite commonly used throughout most ranges in the

United States is the Askania, or one of a number of modifications of the

Askania, made by various optical groups within the United States. A

description of the Askania K t h 53 is given below:

The Askania K th53 cinetheodolite consists of a 35-mm

camera (with double width frame) and two sighting

telescopes. Two operators use handwheels to track

the target, one in azimuth and the other in elevation.

The film records target image, azimuth and elevation

dial readings, time, and a sequential frame count.

An optical train projects images of the azimuth and

elevation dials,which give the direction of the optical

axes upon the film. Electronic controls synchronize

the strobe lamps which provide light for photographing

the dial readings at each site. Range timing in binary

code and a numerical frame count are also recorded

on each frame.

The camera is pulse-operated at rates of one, two, or

five frames per second and has a film capacity of 110 ft

using standard 35-mm film; the usable picture area is

approximately 1. 5 x 0. 9 in. Each camera is equipped

with lighted fiducial marks.

From the position on the film of a point on the missile

and the angle dial readings, the azimuth and elevation

of the missile can be computed. Data recorded at the

same time by two or more cinetheodolites are used to
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find vehicle position. Pulses from central timing

operate all of the cameras at the selected frame

rate to ensure that all instruments record data at

the same time.

The Askania K th53 covers missile flight in the 0-

to 100, 000-ft range, providing backup coverage for

the fixed camera system from 0 to 10, 000 ft. It is

a principal source of position data from 2, 000- to

100, 000-ft altitude, when photographic conditions

permit.

One range (Eglin) has adopted the Contraves EOTS, a more recently

developed instrument which has provision for electromechanically aided

tracking and slaving, a feature which is not found in the manually operated

Askania instrument.

a. Cinetheodolite Operational Problems

The cinetheodolite has been extensively developed since World

War II, so that most of the technical problems have been solved. The

principal operational problem of weather, as with all optical instrumen-

tation, must be lived with.

b. Cinetheodolite Development

The development of the cinetheodolite beyond its current state of

the art will probably be limited to increasing instrument mobility and

flexibility. Some consideration has also been given to adding remote

tracking capabilities so that the cinetheodolite can be employed within the

extended danger zones which will be required for multimillion -pound

thrust launch vehicles.

4. FIXED METRIC CAMERAS

The term, "fixed metric camera, " is used to describe the ribbon

frame camera that was first developed in 1942 by the California Institute

of Technology. This camera is employed for the acquisition of space

position, velocity, acceleration, and attitude data from liftoff to approx-

imately 5, 000-ft altitude.
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The ribbon frame cameras use lenses up to 10 in. in focal length

and take pictures with a frame size which is dependent on the frame rate

selected. The missile is photographed on the long axis of a narrow film

frame 5 in. long (hence, the name "ribbon frame"). The azimuth and

elevation references for the ribbon frame camera are obtained in one of

three ways:

0 By target boards included within the field of view

of the camera (shutter boards).

* By target boards which are offset from the field

of view of the camera and which are photographed

prior to making the film run; the camera is then

aligned by means of calibrated azimuth dials.

0 By use of the calibrated azimuth and elevation

dials alone; however, the end accuracy is about

one-half that of the target board method.

The standard fixed metric (ribbon frame) cameras are the CZR- 1

and RC-5, which are functionally identical but have minor design differ-

ences. They provide azimuth and elevation angles for the first 5, 000 ft

of missile flight, from which position, velocity, and acceleration data

may be derived. Roll and attitude data can also be obtained.

A large cylindrical, focal plane shutter drum encloses a continuous-

motion film transport drum and a ribbon frame film. The shutter and

film move at a constant rate; therefore, the number of frames per second

depends upon shutter drum openings. The shutter drum has six slots

spaced 60 deg apart. The slots may be closed off by shutter slides. One

open slot will give 30 frames per second; two open slots opposite one

another give 60 frames per second; three alternate open slots will give

90 frames per second; and all slots open will give 180 frames per second.

Whenever the frame speed is changed, an aperture slide or framer must

be inserted in the camera aperture to change the vertical dimension of

the individual picture. The shutter drum is directly coupled to its syn-

chronous motor, which operates at 1800 rpm.
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A timing projector is located within the stationary cylinder of the

film drum. This projector, which consists of a neon bulb and its wiring,

is used to record a serial, elapsed-time code along the edge of the film.

In this way, recorded data may be correlated to reference time.

A three-axis precision gimbal mount allows accurate leveling of the

camera. Azimuth dials and target boards are used for prelaunch orienta-

tion. An electronic driver unit performs switching functions and supplies

timing pulses in response to information from central timing.

5. BAKER-NUNN SATELLITE TRACKING CAMERA

a. Introduction

The Baker-Nunn camera is a tracking central projection instru-

ment capable of detecting moving objects as faint as 15th magnitude with

tracking accuracies of 2 arc-sec. The cameras, located throughout the

world and tied into a central control site in Massachusetts, have achieved

considerable success in the determination of artificial satellite orbits,

unknown or dead satellite surveillance, and reduction of land mass global

survey uncertainties; and they have contributed generally to a better

understanding of the earth's atmosphere and shape, and to sun-earth

relationships.

The USAF is using Baker-Nunn cameras for space surveillance,

for which purposes a directional accuracy of 2 arc-sec is desirable. To

attain the latter, considerable computational time is required since up to

60 star images must be used as references. A new star atlas is being

compiled with star maps of the same scale as the camera photographs.

It has been estimated that this new atlas will contain more than one

million stars, as contrasted with the best existing star atlases containing

about 30, 000 stars each.

b. Discussion

The Baker-Nunn camera is related to the ballistic camera in the

sense that they are both central projection instruments as contrasted with

theodolites, the other main category of optical instruments. Central

projection optical instrument operation is based on the principle that

there exists a single fixed point (usually within a compound lens) such
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that it, any given point of the object, and a corresponding point in the

image are colinear. This is true only to the extent, however, that atmos-

pheric anomalies and lens distortions can be minimized or accounted

for in the data reduction process. Unlike ballistic cameras, Baker-Nunn

cameras track the target in order to enhance sensitivity. They have

achieved documented accuracies, in the field, of 2. 8 arc-sec for 13th

to 14th magnitude objects.

The Baker-Nunn camera optical system is a modified Schmidt

type, with a 20-in. aperture and an f/I focal ratio. It can only be operated

at night to avoid damage to the aspherically-curved, Pyrex glass film

back-up plate by solar radiation. The effective focal length is 500 mm.

Photographs covering a field of view of 5 x 30 deg are taken on 55 mm

film. Supporting data, including timing, are also recorded on each

photograph, which measures about 12 x 2 in. Film transport is auto-

matic, synchronized to a double shutter which serves the dual purpose

of photographic shutter and image beam interrupter. Overall exposure

times per frame can be selected at 0. 2, 0. 4, 0. 8, 1. 6, and 3. 2 sec,

plus one additional arbitrarily long interval. Kodak Royal X Recording

Safety Film in 950-ft magazines is used. Resolving power of the camera

is such as to produce minimum star image diameters of 20 p. on the film.

The camera is suspended within a three-gimbal mount equipped with

sidereal drive (angular velocity of I deg/4 min about the polar axis).

Overall height of the Baker-Nunn camera is about 12 ft.

In operation, it is presumed that the satellite will be tracked so

that the orbital path lies in the direction of the 30-deg frame axis. The

considerable relative velocity of artificial satellites requires very pre-

cise time recording and photographic image coordinate determination,

e. g. , I msec and 0. 0001 in. on the film would be required for I arc-sec

dete rminati on.

The Smithsonian Baker-Nunn camera net includes:

Arequipa, Peru Naimi Tal, India

Curacao, N. W. I. San Fernando, Spain (northern tip)

Johannesburg, So. Africa Shiray, Iran

Jupiter, Florida Tokyo, Japan

Las Cruces, New Mexico Villa Dolores, Argentina

Mauai, Hawaii (northern sector)

Woomera, Australia
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c. Conclusions

Although Baker-Nunn cameras are limited, as are all other optical

devices, by their inability to operate under all weather conditions, they

have proved highly useful for satellite orbit determination and general

surveillance on NASA and USAF programs. It is understood that, as of

July 1963, Baker-Nunn cameras are the only cameras still capable of

tracking the ANNA flashing light which is growing very faint.

For extremely precise satellite tracking and geodetic research,

the Baker-Nunn camera net and each individual camera therein must be

precisely calibrated. A beginning has been made with the Edwards AFB

Baker-Nunn installation, but considerable work of this nature remains to

be done.

Some experiments have indicated film-base instabilities resulting

from the fact that at present the Baker-Nunn cameras employ film only

0. 006 in. thick stretched over an aspherical backup plate under 14-lb

tension. It has been suggested that this disadvantage can only be elimin-

ated by redesign of the Baker-Nunn camera to use an absolutely flat film

plane or, eventually, plane-glass photographic plates.

Continuation of the Baker-Nunn camera net and possibly its

expansion are recommended to conduct research in the field of geodesy,

geophysics, etc. , and in tracking of dead satellites. The cooperative use

of this network will be useful in the areas of geodetic and calibration

satellites. However, no real advantage can be seen in transferring the

existing management of the network from the Smithsonian Astrophysical

Observatory to any other agency.

6. INFRARED (IR) TRACKERS AND SPECTROMETERS

a. Introduction

Infrared instrumentation coverage during launch and reentry

operations will undoubtedly be of increasing interest in the 1965 to 1970

period. This coverage can be expected to include IR spectral intensity

measurements, azimuth and elevation tracking data, and possibly image

recording by IR radiation using video recording techniques. Combustion

temperature and fuel-oxidizer ratio determinations can be made as a function

of altitude from IR spectral data taken at launch. Reentry temperatures
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and data on reeentry vehicle ablative and heat-shield material performance

can be obtained from IR spectral coverage at reentry. Launch and re-

entry IR spectrum "signatures" of as wide a variety of missions as pos-

sible are extremely important for the establishment of IR surveillance

criteria to enable distinguishing enemy rocket launchings and vehicle

reentries from similar but more benign phenomena.

Azimuth and elevation information can be obtained from IR

trackers during launch and reentry to a considerable degree of accuracy

if the trackers are land-based on precisely surveyed, stable, sites. Of

course, tracking data can also be obtained from airborne or shipboard

IR equipment as well, but it is subject to the same degradations as RF

or visible optical tracking data obtained under the same circumstances.

(See Appendixes XXXVI and XXXVIII for discussions on instrumented

aircraft and ships, respectively. ) It should also be mentioned that, al-

though IR trackers have better haze-penetrating ability than visible

light optical trackers, they are still by no means all-weather tracking

systems, as are radar tracking systems operating from X-band down.

The following section contains a description of a current land-

based IR measurement system as an example of the present state of the

art in the field.

b. The AMR Land-Based IR Measurement System

AMR currently employs a tracking IR radiation measurement

system at Patrick AFB to measure IR energy in the plume at launch, and

another system located on Ascension Island to measure reentry IR

phenomena.

The IR spectral measurement portions of the systems include a

three-channel IR radiometer using a 12-in. f/3 Cassegrainian optical

system, covering the following regions:

. 1. 2 to 3. 3 microns:

Cooled lead sulfide detector

Noise equivalent power density (NEPD),

2 x 10-14 watt/cm
2

Six-decade logarithmic signal compression

Signal bandwidths selectable at 0. 2, 1. 0, 5. 0,

and 20 cps.
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0 1. 2 to 7 microns:

Thermistor detector

NEPD sensitivity, 8. 5 x 10-I1 watt/cm2

Four-decade logarithmic signal compression

Signal bandwidths selectable at 0. 2, 1. 0, 5. 0,

and 20 cps.

0 1. 8 to 22 microns:

Thermistor detector

NEPD sensitivity, 8. 5 x 10- watt/cm 2

Four-decade logarithmic signal compression

Signal bandwidths selectable at 0. 2, 1. 0, 5. 0,

and 20 cps.

Multielement IR scanners can be used to plot energy density

variations in a rocket plume or reentry plasma as a function of position

by scanning the field past a vertical detector array at the rate of 10/sec.

Resolution runs as high as 0. 1 mil in azimuth and elevation with a sensi-

tivity of 10 watt/cm , or 1. 0 mil in azimuth and elevation with a
-13 2

sensitivity of 10 watt/cm . The logarithmically compressed output

covers five decades. Total field of view is 2. 8 x 2. 8 mils for the 0. 1 mil

system, and 28 x 28 mils for the 1. 0 mil system.

The target acquisition portion of the IR tracker subsystem uses

a modified Cassegrainian optical system with a left/right split field and

an upper/lower dual-frequency light-chopping reticle to obtain target

quadrant position data. For tracking, another modified Cassegrainian

optical system is used, again with a left/right split field, each with its

own PbS detector array; but with light-chopping reticles arranged so as

to scan one across one-half field from left to right and the other from top

to bottom. Separate azimuth and elevation output errors are obtained

such that voltage amplitude is proportional to image displacement from

the center of the field, and polarity is a function of direction from center.

Characteristics are:

Tracking precision: *0, 05 mil

Tracking output: voltage is a linear function of
position error

Tracking field of view: 4 x 4 mil
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Acquisition field of view: 4 x 4 deg

Sensitivity (NEPD): I0- 13 watt/cm 2

In addition to the IR-measuring portions of the system just

described, these instruments contain the following units:

Ultraviolet (UV) - Visible Photometer: S-I and

S-13 responses, covering the 0. 24 to 1.0 .

region in six steps at a 2. 4 sec scan rate, or

capable of continuously monitoring any fixed

portion of this region as determined by acces-

sory filters; 5-decade logarithmically compressed

output; field of view selectable at either 3 x 6, or

6 x 6 mils.

Boresight camera

Boresight TV

Magnetic tape recorder (records all tracking and

spectrometer data outputs)

Azimuth and elevation encoders

Mk 51 telescope and mount (for manual track

override of the IR tracker)

Nike-Ajax radar pedestal.

7. METRIC PHOTOGRAPHY DATA REDUCTION

The metric photographic instrument provides only an observation of

the missile at a known time. This observation must then be translated

into digital data and missile performance parameters. Triangulation,

using two or more cameras and film measurements, is the key to obtain-

ing reduced metric data from the film frame. This provides space

position-time information and a series of individual measurements at

known time intervals permits computation of velocity and acceleration.

For daylight launches, missile attitude, e. g. , pitch, yaw, and roll, can

be measured and calculated when a suitable target pattern is provided on

board the missile.
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The mathematical technique employed is to determine the inter-

section of the rays from two or more cameras to the missile. A ray

is considered to be the light beam extending from a point on the missile

to a point on the film surface within the camera. Precise measurements

of the X and Y coordinates of the image on the film determine the direc-

tion of the light ray. The mathematics are handled by electronic computers,

and programs for reduction of data from as many as eight instruments

have been developed.

The basic data, i. e. , the X and Y film measurements which are

fed to the computer, must be manually read, using precision comparators

or theodolite film readers. In the case of ribbon frame camera or cine-

theodolite data, trained film readers can read from 50 to 300 frames per

hour. Ballistic camera plate reduction, because of the greater reading

precision required, is somewhat slower.

This manual film reading process which is required before the com-

puter can reduce the information into useful data is obviously one of the

limiting factors in metric optical instrumentation. A number of improve-

ments have been made in the film reading process in an effort to automate

it, but complete automation with the film recording systems is impossible

at present.

B. NEW METRIC OPTICAL INSTRUMENTATION DEVELOPMENTS

i. INTRODUCTION

Prior to further discussion of the future of metric optical instrumen-

tation, the singular advantages which optical instrumentation has provided

for range applications should be reviewed. These are:

* Metric optical instrumentation has provided accurate

position and attitude information in the interval from

liftoff to 5, 000-ft altitude where electronic systems

could not provide accurate information.

* The ballistic camera has provided trajectory informa-

tion to an accuracy which permits the data to be used

for the calibration of electronic tracking and guidance

systems.
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* The optical instrumentation system is completely

external to the missile, requires no transponder

or missileborne equipment, and can obtain data

during malfunctions of the missile electrical system.

The ballistic camera with its requirement for a

missileborne flashing light is an exception to this

statement, but with the flame-chopping capability

it, too, becomes a completely external instrumen-

tation system.

* A byproduct of photographic instrumentation is a

time and space coordinated photographic record

of the flight which may be used for engineering

analysis of flight problems.

Some of the new developments in metric optical instrumentation which

will be discussed subsequently do not have these singular advantages.

2. DISCUSSION

From the preceding, it is apparent that the existing metric optical

instrumentation systems have reached ur are fast approaching the limits

of practical development; but the current status of the three metric optical

instrumentation systems could be affected by the following considerations:

In the future, the fixed (ribbon frame) camera

could be replaced in its entirety by the fixed ballistic

camera where a photographic record is not required.

The attitude data which was formerly taken from

ribbon camera films could be obtained by tracking

engineering sequential cameras, thereby making

them metric cameras, as well, in this application.

Use of the ballistic camera results in more accurate

position data over a longer flight interval during the

early launch phase.

The cinetheodolite appears to have been developed to

a practical limit as noted before. Future developments

will probably be limited to accessories to the instrument

rather than to breakthroughs in camera design or lens
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improvement. These accessories will provide greater

flexibility and mobility for the cinetheodolite system

but will not necessarily improve data gathering ability

or data accuracy.

The ballistic camera has also been developed to a point

where the prospects for further refinement are some-

what slight. The primary applications foreseen for

ballistic cameras include precision geodetic work and

calibration of electronic tracking systems. In the

latter capacity, theymaybe employed in various ways,

including uses with calibration missiles and satellites.

The future of optics as an instrumentation medium will probably be as

a copartner with electronics and a new family of electro-optical instru-

ments. These instruments can utilize the best features of electronic and

optical systems to provide more accurate data more quickly than either

electronic or optical systems can provide alone. Prominent among the

electro-optical developments which have been proposed for improved

instrumentation are:

Use of electronic image sensing and dissection devices

to provide real time tracking outputs.

Use of video recording techniques to replace film as

the recording medium to eliminate processing opera-

tions, i. e. , developing, fixing, etc.

Use of the laser as a short range radar for early launch

coverage.

Use of infrared sensors and detectors for all-weather

tracking.

Several of these are currently being employed for some applications

in range instrumentation or are undergoing development. Their continued

development is recommended in light of impact on the powered-flight

phases of future ballistic missile and space programs.
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3. SPECIFIC RECOMMENDATIONS

An approach to electro-optical instrumentation which appears to

combine the advantages of both would be to substitute an electronic image-

sensing device, such as a TV-camera-type pickup tube or solid-state

photosensitive mosaic, for film, using an electronic image coordinate

determining system for real-time extraction and readout of position and

velocity information (and possibly attitude, at close range). Simultaneously,

the information could be recorded or transmitted to remote locations in at

least two formats. Coordinates could be handled as digital information and

tape-recorded in the usual parallel binary format, or transmitted in real

time via a PCM link. The composite picture might be recorded in the

same manner, but more likely would be recorded in a format similar to

that of present-day TV video recording. When combined with shaft position

encoder outputs, video tape could record the image and pertinent timing,

as well as azimuth and elevation information. However, the present state

of the art in resolution of photo-electric sensing devices, and obtainable video

recording bandwidth fall far short of that effectively realized in present-

day photo-optical instruments, as will be illustrated in Section D.

The use of the laser as a direction-finding and ranging device is an

attractive scientific problem which will be discussed in more detail in

Section E. This optical radar would, however, be as susceptible to

weather constraints as present-day incoherent optical instrumentation

systems at the same ranges.

Infrared tracking devices have a definite use on the range where the

advantages of IR seekers, detectors, and trackers can be utilized. Already

in operation are a number of infrared tracking devices for acquisition and

homing, IR spectral measurements, penetration aid measurements, and

other specialized uses. The application of infrared techniques is recom-

mended as a continuing range instrumentation development program for

those applications where the photographic image by visible illumination

is either not paramount or cannot be obtained.
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C. CURRENT NONMETRIC (ENGINEERING SEQUENTIAL OR
SURVEILLANCE) OPTICAL INSTRUMENTATION

1. INTRODUCTION

Nonmetric optics, more commonly referred to as engineering

sequential or surveillance photography, comprises all of the photographic

equipment employed in launch support to obtain event-time data. This

distinguishes it from documentary photography which is not time corre-

lated and from metric optics which provides event-time-position data.

There are four general applications of engineering surveillance

photography in launch support operations.

* The study of individual events: Cameras are

employed to record, usually in slow motion, the

occurrence and duration of specific events occur-

ring during the launch operation. The application

is usually to a specific known or suspected problem

area and the equipment is for the individual appli-

cations.

0 Fixed surveillance: Cameras are employed to

record all events taking place in the launch stand

area for some time prior to ignition until after the

launch vehicle leaves the camera's field of view or

the film runs out, whichever occurs first.

* Short range or intermediate range tracking:

Cameras on tracking mounts record the flight of

the vehicle from liftoff or very shortly thereafter

through the limits of optical and/or atmospheric

image loss.

0 Long-range tracking cameras: Tracking cameras

slaved to other target acquisition means acquire

the vehicle and record its flight from acquisition

through the limits of optical and atmospheric image

loss.

These are the current applications of engineering sequential photo-

graphy, and it is reasonable to expect that they will continue unchanged
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throughout the 1965 to 1970 period. While the applications for engineering

sequential photography will remain constant, the requirements and

operating problems encountered will undergo some changes during the

1965 to 1970 period.

Engineering sequential photography is one of the more reliable ex-

ternal data collection systems. Loss of data due to missile onboard

system malfunctions is impossible, and loss of data due to camera mal-

function or operator error is exceptional. Currently, the problems

encountered with fixed cameras are predominately operational. These

include:

* Loss of data due to film run-out. The fixed cameras

employed around the launch stand are controlled

remotely. The operation of these cameras is con-

trolled by the master countdown and cameras are

started at specific times in the count to record indiv-

idual events. Particularly in the case of high-speed

cameras, (e. g. , Fastax which has no stop and restart

capability), operation continues until the film is

exhausted. If a hold occurs in the countdown subse-

quent to camera startup or if the count is recycled

for any reason after cameras have been started, no

data can be obtained unless the cameras are reloaded.

There are a great many applications of high-speed

cameras in and around the missile to record events

taking place in the last few minutes of the countdown,

and during engine startup and missile liftoff. It is

often physically impossible, due to the hazardous

conditions around the launch stand, to permit camera

reloading in the event of film run-out. Further, pro-

ject officers have been extremely reluctant to call

additional hold time for the purpose of camera reloading.

* Loss of data due to changes in exposure conditions.

Again a problem which faces only fixed, nonattended

cameras is the loss of data because the exposure

conditions have changed radically between the time

the cameras were set up and the time of operation.
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With modern films, exposure changes of some

magnitude can be tolerated without loss of signifi-

cant data. Automatic electronic exposure control

is becoming increasingly commonplace. However,

countdowns which extend through daylight hours into

night, or vice versa, still create exposure problems.

0 Data quantity. A continuing problem with engineering

surveillance photography is the processing and view-

ing of the mass of data obtained. Since many thousands

of feet of film may be exposed on a typical launch, this

processing and viewing requires a substantial invest-

ment in money and manpower.

2. RECORDING OPTICAL TRACKING INSTRUMENT (ROTI)

The ROTI is a tracking telescope which makes time-correlated

photographs of objects in space at long ranges. The optical system is

Newtonian, with large aperture and variable focal length. It has two

tracking telescopes and two visual null devices for use by azimuth and

elevation operators.

The telescope is supported by a modified Navy Mk 30, 5-in. gun

mount driven by a hydraulic servo system for azimuth and elevation

changes.

Controls are available for automatic focusing and exposure. Auto-

matic focusing uses range data from the target acquisition bus. The

exposure device compares the light entering the telescope with that from

a standard light source and automatically adjusts the exposure time.

The 70-mm motion picture camera is adjustable for frame rate,

shutter opening, and "off-on" operation. It uses either 400- or 1,000-ft

capacity darkroom-loading, daylight -threading magazines. It is equipped

with a variable shutter, timing lights, fiducial markers, film footage

counter, and a film runout switch.

The ROTI is protected by a weather-proofed, air-conditioned astro-

dome. The astrodome is automatically positioned in azimuth by a drive

assembly synchronized to the telescope rotation. A curved door slides

overhead to expose the telescope.
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Three tracking modes are provided: slaved to the target acquisition

bus, slaved operation with operator override (servo error voltages are

presented to the operator for correction), and operator tracking by joy-

stick.

3. INTERCEPT GROUND OPTICAL RECORDER (IGOR)

The IGOR tracking telescope is used to photograph the flight of the

missile as a function of time. As the camera records the images seen

through the main objective telescope, timing marks are exposed along the

edge of the film.

The objective telescope is an 18-in. Newtonian system with a fixed

focal length of 90 in. Optical amplifiers give effective focal lengths of

180, 360, and 500 in. The system provides high resolution over a 2-1/4

x 2-1/4 focal plane. The telescope is mounted on a modified Navy Mk

27 5-in. gun mount. Either the 70-mm flight research camera or the

35-mm Mitchell camera may be used.

The IGOR is equipped with automatic focus and exposure controls

and sighting telescopes. The three tracking modes provided are: slaved

to the target acquisition bus, slaved operation with operator override

(servo error voltages are presented to the operator for correction), and

operator tracking by handwheel.

D. NEW NONMETRIC OPTICAL INSTRUMENTATION DEVELOPMENTS

To aid in the solution of the present operational problems and the antici-

pated future operational problems, studies are recommended on the

following systems.

0 Airborne optical tracking systems. This appears to be

one approach to the problem of atmospheric limitations

on nonmetrical coverage of events taking place at long

distances from ground tracking sites, e. g. , photography

of vehicle reentry. Two difficult requirements here, how-

ever, would be the maintenance of accurate time corre-

lation with ground tracking sites, and the continuous

knowledge of accurate aircraft position. The first require-

ment might be met with an onboard atomic clock synchron-

ized with base clocks before takeoff, and the second through
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use of either an accurate onboard inertial or stellar-

inertial navigation system or transmission to the air-

craft of position as determined from ground-based

electronic tracking systems, or a combination of both

schemes. Alternatively, a TACAN-type navigation

system could be used, as discussed in Appendix XXXVII.

0 Electronic image recording. The use of magnetic

tape recording and video camera techniques might

solve a number of operational problems for engineer-

ing surveillance photography. For example, it is

considered feasible to develope magnetic tape recording

systems to replace the film in fixed cameras employed

on and around the launch stand. These could be re-

motely erased and rewound in the event of premature

startup. Another approach would be to substitute suit-

able TV cameras for the photographic cameras, trans-

mitting the video by hardline or microwave links to

central control for monitoring in real time and video

recording. However, it should be emphasized that no

systems of electronic image scanning and video record-

ing have yet been devised that could provide image

quality comparable to that of today's better engineering

sequential cameras, e. g. , ROTI, IGOR, etc. See

Table I for effective video upper cutoff frequencies of

some of the popular engineering sequential cameras

currently in use.

Video recording systems, to date, have not been attain-

able with upper cutoff frequencies much above 14 mc

for magnetic tape or 30 mc for thermoplastic tape (an

order of magnitude, at least, below the effective upper

cutoff frequency of the ROTI system). TV image scan-

ning devices (photoelectric transducers), on the other

hand, have been built with resolutions approaching those

of 70-mm camera systems, e. g. , 2000 lines/frame.

Scanning problems become serious, however, at reason-

able frame rates with resolutions such as these, when a
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Table I. Effective Video Upper Cutoff Frequencies of
Typical Nonmetric Cameras (1) (3)

Frame Rate Video
(N) No. Lines Bandwidth

Format Frames/sec Per Frame (f ) Mc
(n) c

70 mm film (2-1/4 x 2-1/2 in.) 60 (max) 4000 340
ROTI or IGOR with 70 mm
camera

35 mm film, double frame 5 (max) 1715 7. 68
36. 3 x 24. 5 mm), Cinetheo-
dolite Ktlh 53

35 mm film, single frame 60 (max) 1120 36. 8
(22.0 x 16.0 mm), IGOR
with 35 mm Mitchell

16 mm film (0. 26 x 7. 49 mm) 24 (sound) 524 3. 2(2)

16 mm film (10. 26 x 7. 49 mm) 2500 524 33. 3
Fastax, etc.

8 mm film (4. 88 x 3. 68 mm) 16 275 0. 5675

Notes:

(1) Based on f (w/h)n2 N/JT where W/h = aspect ratio
(i. e. , W = cvidth, h = height); n = no. lines per frame = (lens/film
resolution) x h; lens/film resolution = 70 lines/mm, assumed
herein. See Morton and Zworykin, Television, John Wiley & Sons
New York, 1954.

(2) Bandwidth most closely equivalent to that of the present NTSC,
525 line, 30 fps TV standard.

(3) f c's for the equivalent formats in color could range all the way

from 3 x f (black and white) for a three-color equal bandwidthc
system to scarcely more than I x f (black and white) for a three-

c

color, mixed-highs system with color subcarrier frequency
interlacing.

high degree of sweep linearity is required with good

reproducability and stability. High sensitivity is also

a requirement.

Considerable effort is underway to produce a high-

resolution, high- sensitivity solid-state photosensitive

mosaic image-sensing device that would not require
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scanning in the usual sense, but would produce a continu-

ous matrix-type output as a function of elemental image

brightness. Published estimates have placed achievement

of useful devices such as these at 5 to 10 years in the

future. The advantages of the solid-state image sensor

include real-time data readout capability, reduction of

information redundancy, and higher reliability.

0 Remote control tracking equipment. To solve the problem

of larger danger zones with larger thrust boosters, means

must be provided for remotely operating the short and

intermediate range cameras which are located within the

danger zone. This can be accomplished by use of remotely

controlled tracking mounts using TV sighting systems or

master-slave controls. The current state of the art in TV

and servomechanisms is believed to be adequate for most

of these tasks.

E. LASERS IN RANGE INSTRUMENTATION

1. INTRODUCTION

The purpose of this section is to assess the possible utility of lasers

as a part of the 1965 to 1970 global test range. This involves answers to

questions such as:

To what areas of range instrumentation might lasers

be applied?

What are the theoretical advantages of lasers versus

other types of instrumentation?

What are the theoretical limitations of lasers versus

other types of instrumentation?

What are the practical limitations of lasers with the

present state of the art?

What are the prospects for overcoming the present

limitations as a result of advances in the state of the

laser art?
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The laser is a device which ideally produces coherent light waves

at a discrete frequency. All other light soi±.ces emit either broad con-

tinuous spectra or multiple-line spectra with broad lines having a band

of frequencies rather than single frequencies.

Coherent light waves may be treated similarly to other coherent

electromagnetic waves of lower frequency and, therefore, many tech-

niques of electronic communications may be used. These include modu-

lation, mixing or translation of frequency, frequency multiplication,

demodulation, correlation, reflection, refraction, etc. However, the

frequencies of light waves are of the order of 104 to 10 5 cps, some

104 to 10 5 times higher than present microwave frequencies. Optical

techniques may be used for beam formation and transmission, but toler-

ances consistent with the wavelength must be met in order to benefit from

the coherent property of the light.

2. RANGE INSTRUMENTATION APPLICATIONS

a. Tracking

Tracking is one broad area of range instrumentation to which

lasers might be applied. All the functions performed by radar trackers

and some performed only by optical instrumentation (e. g. , external

attitude determination) are theoretically possible using coherent light

waves instead of radio waves to illuminate the target. However, only

range and angle measurement using high power pulses and low-power

CW amplitude-modulating techniques are practical, at present. This is

due to the fact that amplitude modulation is the simplest form of modu-

lation to generate and detect. For example, Hughes Aircraft proposed

and demonstrated feasibility of a range-only optical radar (Colidar

Coherent Light Radar). It consists of the following elements:

Optical transmitter. (Laser operating in a pulsed

reflector mode controlled by a Kerr cell.) Coherent

light pulses have a peak power of 600 kw, pulse

width of 0. 12 sec, and rise time of 40 nsec.

(Equivalent to transmitter and feed of pulsed radar)

Transmitting optics for spreading or concentrating

the laser beam. (Equivalent to radar antenna)
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Receiving optics for collecting returned light waves

in a narrow frequency band centered a che laser

output frequency. (Equivalent to receiving antenna

and feed of radar)

Photomultiplier tube to convert the returned light

pulses into an electrical signal. At present, the

best available light detector appears to be the

photomultiplier tube with 520 photo cathode. (Equiva-

lent to antenna feed, preamp, and receiver, through

video detector, of pulse radar)

Signal processing circuitry for extracting range,

including a standard frequency generator, counter,

PRF generator, counter and laser controls, and

digital readout. (Equivalent and similar to range

measurement circuitry of pulse radar)

Figure 1 shows operating range as a function of peak power,

visibility, and beamwidth.

Angle tracking is readily obtained by any of the methods used

in angle tracking radar, such as conical scan, nutation, or simultaneous

lobing. The receiver must be capable of producing appropriate signals

which measure the magnitude and direction of the deviation of the re-

ceived target image from a reference position on the photo-sensitive

surface. For example, the optical equivalent of a simultaneous lobing

system would consist of dividing the field of view into four quadrants,

each illuminating a separate photocathode. The four photocathode-output

signals would be combined in difference circuits to produce the azimuth

and elevation error signals. The four photocathode signals would be

summed to produce the return pulse for the range system.

RCA is developing an optical tracking radar expected to be

able to track the S-66 satellite scheduled for launch into a 600-nmi

orbit during 1963 by NASA. According to RCA, the transmitter,

using a crystal of neodymium-activated calcium tungstate, is ex-

pected to reach a peak power of 10 megw with a 1-Rsec pulse length

and a maximum pulse repetition frequency of 1000/sec. The
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transmitting optics will consist of a lens to focus the light into a beam

expected to have a spread of about 0. 5 mrad.

A separate receiving optical system with a 20-in. diameter

aperture will be used. The S-66 satellite will be equipped with 35 in. 2

of corner reflectors in order to return sufficient power for accurate

tracking. Design objectives are range accuracy of 6 ft and angular

accuracy of 0. 02 mrad.

The Cloudcroft Satellite Surveillance System, under development

jointly by Technical Research Group, Syosset, N. Y., and American

Astrophysics, Monrovia, Calif. , under USAF Aeronautical Systems

Division contracts, is being designed to track targets as small as 10 ft2

in area at ranges of up to 100 mi, with a beam dispersion of only 300 ft 2

at that distance. A 48-in. tracking telescope and a pair of 15-in. auxil-

iary visual acquisition telescopes will be mounted on a precision tracking

mount.

Perkin Elmer has designed a precision laser tracking system for

AMR intended for real-time readout of position accurate to 0. 05 ft from

0 to 500 ft altitude, 0. 2 ft from 500 to 5, 000 ft, 2 ft from 5, 000 to 50, 000

ft; velocity accurate to 0. 02 ft/sec from 0 to 500 ft, 0. 2 ft/sec from 500

to 5, 000 ft, 0. 5 ft/sec from 5, 000 to 50, 000 ft; and acceleration accurate

to 0. 01 ft/sec 2 from 500 to 5, 000 ft. The optical tracker uses a gas laser

which produces a CW output at 6328 X, with 100-mc amplitude modulation

for ranging. The system configuration consists of multiple optical trackers

distributed around the launch area, and a computing system to derive

position, velocity, and acceleration using data from one or more of the

optical trackers. The mount is designed for an accuracy of 2 arc-sec.

The design is now being evaluated by the Air Force.

b. Communications

Communication is another broad area of range instrumentation

to which lasers might be applied. As in the case of tracking, many com-

panies are engaged in research in some aspect of laser communication

techniques. Bell Telephone Laboratories are conducting performance

studies on laser-generated light beams in underground pipes as the car-

rier for telephone communications. General Electric is reported to be
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working on a closed-circuit light carrier TV system with a range ol 10

miles. Light carrier systems have been proposed as the ground-to-

satellite link for a communications satellite system. Douglas Aircraft

has demonstrated that red light (6943,A) from a ruby laser can penetrate

reentry plasmas.

3. THEORETICAL ADVANTAGES OF LASERS FOR RANGE
INSTRUMENTATION

The theoretical advantages of lasers for range instrumentation

derive from the coherence of the light. Coherence makes it possible to

obtain extremely high directivity with small optical elements. Since

coherent light obeys the same laws as lower frequency electromagnetic

waves, focusing is determined by the ratio of the wavelength to the dia-

meter of the aperture, or

9-X rad

where 0 is the 6-db beamwidth, X and D are in the same units. For

visible light X is 4 x 10 - 5 to 7 x 10 5 cm, so that the beamwidth is
40 to 70 p4rad for a 1-cm aperture. High directivity also means high power

gain in the beam:

gain = 20 A/X 2

where A is the aperture area and \ is the wavelength. The theoretical

power gain advantage of visible light versus present microwaves, for a

given aperture area is greater than 80 db.

Signal-to-noise ratio also improves in optical transmission, for a

given aperture size, since the received power increases with the square

of the frequency, while the noise due to photon fluctuations increases

directly with the carrier frequency; a S/N improvement of about 40 db

for visible light versus present microwaves should be attainable.

Extremely wide information bandwidth is another theoretical advan-

tage of coherent light. Even if only one percent of thz carrier frequency

of visible light is achieved as the modulation bandwidth, it represents a

bandwidth of 4 to 7 x 106 mc/sec. This would make available an almost

unlimited number of communications channels carried on a single beam.

8-30



ESD-TDR-63-354 APPENDIX VIII
VOLUME 5 OPTICAL INSTRUMENTATION

The use of light waves is advantageous for tracking, when maximum

accuracy is desired, because corrections for the index of refraction of

the atmosphere can be made more exactly for the light waves than for

microwaves, since the index of refraction is much smaller and is much

less variable for light waves than for microwaves. This results from

the fact that the index of refraction is only slightly dependent upon atmos-

pheric water vapor for light waves, while it is strongly dependent upon

water vapor for microwaves. Through the use of a subcarrier of micro-

wave frequency, the same resolution is available without the additional

tropospheric refraction error.

4. THEORETICAL DISADVANTAGES OF LASERS FOR RANGE
INSTRUMENTATION

Although high directivity improves power gain and S/N ratio, the

extremely narrow beam theoretically possible with coherent light requires

a corresponding increase in the accuracy of pointing of the beam. The

acquisition problem is even worse, since acquisition depends upon the

cross-sectional area of the beam. The time required to cover a given

area, by scanning the area at a given rate of scan, increases as the square

of the frequency, some 108 times as long for visible light as for micro-

waves. It is obvious that acquisition aids are required, particularly if

the transmitter and receiver are in relative motion. The acquisition aids

might involve beam spreading, use of auxiliary microwave equipment, or

passive IR or UV detectors to point the optical beam during acquisition.

In either case, acquisition becomes one limitation of the system,

since thc acquisition range threshold is determined either by the auxiliary

microwave receiving equipment, or by the threshold of the optical system

with the spread beam. Thus, if beam spread is used for acquisition, the

acquisition range decreases inversely with the beam spreading factor,

unless the transmitter power is increased to maintain the same power

density in the spread beam, or the target dwell time is increased.

For reasonable acquisition time, the beam would require spreading

from a few microradians to approximately 20 mrad, a factor of several

thousand. The increase in power necessary to maintain the same range

with the spread beam as with the narrow beam is of the order of several
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million. Since it is unlikely that power output increases of that order

of magnitude are possible, beam spreading will limit the maximum

useful range.

Light transmission through the atmosphere suffers from attenuation

due to absorption by gas molecules and scattering by dust particles and

water droplets in fog, clouds and precipitation, although these effects

can be minimized to a certain extent in the IR region.

5. PRACTICAL LIMITATIONS WITH PRESENT STATE OF THE ART

Atmospheric attenuation is a serious limitation on the use of lasers

for range instrumentation if all weather capabilities are required. Even

over relatively short distances, transmission could be blacked out by

clouds so that range use for ground instrumentation would be possible

only in clear weather.

Extraneous light causes another problem in optical transmission

systems. Sunlight and ambient and back-scattered light cause external

noise. Rejection of extraneous light is presently limited by the sharpest
5available optical band pass filters which have band widths of about 10i mc.

The noise bandwidth is therefore four to six orders of magnitude larger

than presently realizable information bandwidths, permitting significant

amounts of noise to reach the detector even with extraneous wideband

light brightness several orders of magnitude below laser brightness. In

addition, internal noise is caused by dark current, and shot and flicker

noise in the detector.

Present precision small-to-medium size antenna mounts have a

pointing accuracy of about 0. 05 mrad. In order to achieve or even ap-

proach the directivities and power gains theoretically possible, tolerances

of the optical systems mounts and servos would have to be improved by

about four orders of magnitude. This is certainly impractical at present,

and pointing accuracy is now, and will remain for some time, a limitation

on the narrowest light beam which may be used.

The efficiency of the overall conversion of energy in producing

coherent light waves is another limitation in the use of lasers for space-

craft use. If modulation is involved, the power required for modulation

must be included in the power input, further decreasing the efficiency.
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Until recently, the efficiencies of lasers were so low (0. 03 percent)

that use in spacecraft would be impractical because of the large power

sources required. Even with predicted improvements to about 5-percent

efficiency, light-pumped lasers would still be impractical compared to

present lower frequency equipment with efficiencies of about 50 percent.

Development of electrically pumped lasers capable of efficiencies approach-

ing 100 percent, during the last year, promises to overcome this limita-

tion. Also under investigation are solar-pumped and radioisotope-pumped

lasers. The latter schemes would be particularly advantageous for space

work.

6. PROBLEMS OF PRESENT LASERS

The laser is essentially a fixed-frequency device whose frequency is

determined by its energy levels. The emitted frequency is dependent

upon doping, for ruby and other crystalline materials. Laser frequencies

are affected by temperature. Ruby, for example, has a frequency tem-

perature coefficient of about 0. 001 percent/C0 .

Present lasers are only quasicoherent in their output. CW types,

using a mixture of gases, such as helium and neon, have line widths

reported from a fraction of a cps to several kc. However, they suffer

badly from microphonics, producing frequency fluctuations of hundreds

of kc when mechanically disturbed. Output powers are low, typically in

the I- to 50-mw range.

Crystal lasers, operated in the pulsed mode, achieve peak powers in

the megawatt range, for fractional microsecond width pulses, but suffer

badly from multimoding, with frequency differences as large as several

hundred mc.

7. PROSPECTS FOR OVERCOMING PRESENT LIMITATIONS

The prospects for overcoming some of the limitations of present

lasers are very good, since they are largely dependent upon materials

and mechanical design.

During the last year, electrically pumped junction semiconductor

materials have been discovered to lase, with energy conversion approach-

ing 100 percent. Total power, however, is very low, in the microwatt
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range. Further development of these lasers might make spacecraft use

of lasers practical if suitable means can be devised to produce the re-

quired low temperatures (4 0 K), or if lasers can be found that will operate

at spacecraft ambient. With development of better lasers and modulation

components, optical mixing may permit frequency translation to lower

frequencies where electrical filtering may be used to improve the rejec-

tion of noise due to extraneous light if problems of doppler shifts can be

solved. The limitations of acquisition and pointing accuracy might be

overcome through development of electro-optical or combined electro-

mechanical and electro-optical methods of beam steering capable of

extremely rapid scanning and required accuracy.

Research is necessary to obtain more information about atmospheric

attenuation. With present knowledge, it does not appear that the prospects

are good for overcoming atmospheric attenuation, particularly through

clouds.

8. CONCLUSIONS

With the present state of the art there are a few promising applica-

tions of lasers in range instrumentation for the 1965 to 1970 era. One of

the most promising is early launch tracking. The limitations previously

discussed do not apply under launch conditions. Test launches usually

take place in clear weather, since visibility is required for photographic

purposes. Over the short distances involved in early-launch tracking, the

beam may be spread sufficiently so that the pointing and acquisition

problem may be overcome.

With advances in the state of the art in lasers, particularly in effi-

ciency, modulation-demodulation methods, and beam-pointing accuracy,

continuous transmission of information through the reentry plasma may

be possible, and satellite-to-satellite communication links may become

feasible for data and information transmission, if multiple satellite sys-

tems become a part of the test environment. It is unlikely, however, that

the latter will take place in time to be of service during the 1965 to 1970 era.

8-34



ESO-TDR63-354 APPENDIX Vill
VOLUME 5 OPTICAL INSTRUMENTATION

BIBLIOGRLAPHY

A. J. Brandenberger, "The Use of Baker-Nunn Cameras for
Tracking of Artifical Satellites, "1 Photogrammetric Engineering,
Vol 28, November 1962.

"Space Trajectories, "1 Academic Press, 1960, p 271.

8-35



ESD-TDR-63-354 
APPENDIX IX

VOLUME 5 
INSTRUMENTATION FOR VEHICLE ATTITUDE
MEASUREMENT

Appendix IX. INSTRUMENTATION FOR VEHICLE ATTITUDE
MEASUREMENT

1. INTRODUCTION

The purpose of this appendix is to examine the instrumentation to be

employed for vehicle attitude measurement during the 1965 to 1970 period.

The basic question is the extent to which "exotic" attitude measuring

instrumentation will be available for range use during this period.

"Exotic" refers to systems and devices essentially distinct from the

conventional noncoherent optical techniques currently employed. These

conventional techniques make use of such instrumentation as theodolites

and tracking telescopes to determine attitude from photographic records

of the vehicle, together with records of the direction in which the tracking

instruments were pointing at the time the photographs were made. The

accuracies attainable with these conventional techniques are typically on

the order of from one to a few degrees, which is sufficient for most

current applications.

As with almost any other type of measurement, attitude measurement

accuracies greater than those attained with current techniques would be

desirable, though they are, for the most part, not mandatory. It is there-

fore appropriate to discuss briefly some of the means which might be

employed for improved attitude measurement accuracies, and to evaluate

the feasibility of employing these techniques during the 1965 to 1970 period.

2. BASIC RF ATTITUDE MEASUREMENT TECHNIQUES

It is clearly possible, in principle, to employ RF techniques for

vehicle attitude determination. One method measures the normal to the

wavefront arriving at the vehicle from a ground-based transmitter by

means of monopulse or conical scan techniques, and also measures the

polarization of the received signal. These data are then relayed to the

ground via telemetry. A second RF technique employs an interferometer-

type antenna array on the vehicle and suitable data processing equipment

to determine the direction of arrival of a signal from a ground transmitting

station relative to the vehicle frame of reference. Here, as previously,

the resultant data is telemetered to the ground. In either case, it is

See Paragraph 3. below for a description of a preferred variant of this
technique, in which the direction of transmission is reversed.
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assumed that the vehicle is tracked by external instrumentation, so that

the direction of the ray arriving at the vehicle from the ground station

associated with the attitude determining system is known in the external

coordinate system relative to which the vehicle attitude is to be determined.

Consider now the number of independent parameters which must be

measured to determine the vehicle attitude relative to an external frame

of reference. These parameters are pitch, yaw, and roll (or an alter-

native set of equivalent parameters). The first system described, which

employs a monopulse or conical scan tracker and a radio polarimeter,

measures a set of three independent angular-attitude parameters. This

fact can be seen immediately by realizing that the establishment of the

direction of the normal to the incident wavefront determines two angular

parameters related to the vehicle attitude, while measurement of the

polarization of the incident wave provides the third angular-attitude para-

meter. Here, of course, use must be made of the knowledge of the normal

to the incident wavefront and the direction of the polarization vector within

the wavefront in the external coordinate system. As indicated previously,

this information is obtained from the external tracking data.

The situation is somewhat more complex as regards attitude deter-

mination from the measurements made by the vehicle-borne interfero-

meter, which measures only the direction of the normal to the incident

wavefront relative to the vehicle coordinate system. That is, only two

independent angular parameters are measured. To obtain an additional

independent angular parameter related to the vehicle attitude, it is neces-

sary to employ a second ground transmitting station as part of the attitude

measuring system. If the same vehicle-borne interferometer array is

employed to determine the direction of the normal to this second incident

wavefront relative to the vehicle frame of reference, two additional

angular measurements related to the vehicle attitude are obtained, of

which only one can be independent of the two angular measurements made

on the signal received from the first ground station. In this case, the

vehicle attitude is overdetermined by the addition of the second ground

station. This fact causes no difficulty inasmuch as the data reduction

process either can make use of a least-squares method to solve for the
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best estimate of vehicle attitude employing all four angular measurements,

or can ignore one of the measurements. In general, preference would

be given to the least-squares data reduction method because of the in-

creased accuracy attainable with this method of data reduction.

The use of the same interferometer array on the vehicle for the

simultaneous reception of signals from two ground transmitting stations

requires that some means be employed to distinguish the signal received

from one station from that received from another. The simplest method

of distinguishing these signals would be to transmit on somewhat different

frequencies and to separate these frequencies in the receiving system

prior to data processing. Any method of effecting the separation of the

signals received from the two ground stations implies a requirement for

a dual-channel receiving system and duplication of the data extraction

circuitry.

Although the techniques described above have been confined either to

interferometric configurations or to configurations which measure the

normal to the wavefront and the polarization of the received wave, the

basic principles involved are somewhat more general and could be em-

ployed, for example, with a system which made use of modulation tech-

niques instead. The interferometer system should be expected to yield

considerably better attitude accuracies than the radio polarimeter system

because of the difficulty of making an accurate polarization measurement

with a radio polarimeter, and because of the accuracy deterioration caused

by ionospheric effects. While ionospheric refraction will cause some

error in the interferometer system, this error will usually be negligible

at any reasonable carrier frequency; whereas, in the case of the radio

polarimeter, the error caused by Faraday rotation of the polarization

vector will be so large as to very seriously degrade the system accuracy

unless the carrier frequency is well up in the microwave region. When

due account is taken of these factors, it appears that the preferred RF

technique would be the interferometric technique.

It would be simpler not to make the redundant interferometer measure-
ment, since it is necessary only to measure the angle of the normal to
the incident wavefront relative to the baseline established by one pair
of the three or more antenna elements which constitute the interfero-
meter array.

9-3



ESD-TDR-63-354 APPENDIX IX
VOLUME 5 INSTRUMENTATION FOR VEHICLE ATTITUDE

MEASUREMENT

3. A PREFERRED VARIANT OF THE RF ATTITUDE MEASUREMENT
SYSTEM

The preceding discussion has assumed that the direction of trans-

mission for the RF attitude measurement system is from ground to vehicle

and that the resultant data, in either digital or analog form, are tele-

metered to the ground after extraction in the vehicle. While this technique

is quite feasible, there are certain disadvantages associated with the

necessity for performing the data extraction in the vehicle. In discussing

these disadvantages, only the interferometric technique will be considered.

To avoid the necessity for providing multiple receiving and data proces-

sing channels in the vehicle, it is only necessary to reverse the direction

of transmission by transmitting from vehicle to ground through the indi-

vidual elements of the vehicle-borne interferometer array, and by

receiving and processing the data at the ground stations associated with

the attitude measuring system. With this mode of operation, it is neces-

sary to mark the signals transmitted from the individual vehicle antennas

with some type of modulation so that the ground receiving stations can

determine from which antenna of the vehicle interferometer array each

signal was received. As a practical matter, this separation would

normally be performed by transmitting at slightly different frequencies

from each of the elements of the vehicle-borne interferometer array, and

also by transmitting a reference signal which defined the frequencies and

phases of the offset frequencies. The vehicle implementation would make

use of a number of phase-locked loops, which would permit the generation

of distinct frequencies whose offsets from the nominal carrier frequency

would be carefully controlled in frequency and phase.

While the reverse configuration described above has the disadvantage

that it requires the transmission of separate signals from each of the

elements of the vehicle interferometer array and, thus, necessitates both

the synthesis of these signals and the use of a separate vehicle transmitter

for each element of the vehicle interferometer array, the fact that the

The frequency offset described is indeed a form of modulation scheme.
In fact, it can be characterized as single sideband suppressed carrier
modulation.

9-4



ESD.TDR-63-354 APPENDIX IX
VOLUME 5 INSTRUMENTATION FOR VEHICLE ATTITUDE

MEASUREMENT

complete receiving, timing, and data extraction system can be confined

to ground installations outweighs these disadvantages. Since the received

interferometer phase data are carried on the beat frequencies between the

signals received from different elements of the vehicle antenna array,

together with the received reference frequency, the receiving system can

be very tightly narrowbanded at its output. Accordingly, the vehicle

transmitter powers can be quite small. For these reasons, it is probable

that the interferometer configuration which employs vehicle - to- ground

transmission would be preferred over the interferometer configuration

described in Paragraph 2. above. An additional advantage of this reverse

configuration is that it permits the use of an arbitrary number of ground

receiving and data extraction stations, with the result that no handover

problem exists as the vehicle moves downrange along its trajectory.

Even with the reverse configuration, which appears to offer some

simplification in the vehicle equipment, it must be conceded that a fair

amount of additional vehicle equipment is required for RF attitude meas-

urement. This factor alone might prove decisive in the question of the

use of this type of attitude determination system for a number of applica-

tions. However, the problems discussed below will prove much more

decisive.

4. VEHICLE ANTENNA PROBLEMS AND THEIR IMPLICATIONS

While the preceding discussion has shown the feasibility of employing

RF techniques for vehicle attitude determination, it has ignored one very

significant factor, namely, the vehicle antenna problems implied by both

of the RF techniques described. In either case, there is a very serious

problem in the placement of suitable vehicle antennas. This problem is

most apparent in a consideration of the fact that most vehicle attitude

measurements by means of external instrumentation are required during

powered flight. The requisite antenna structures cannot be mounted on

the aft end of the vehicie (the obvious location) because of the placement

of the rocket motors and the flame problems associated therewith.

Accordingly, the antennas must be placed on other portions of the vehicle,

virtually eliminating the possibility of employing anything except the

simplest antennas.
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These antenna problems would seem to rule out the possibility of

employing a monopulse or conical scan receiving antenna mounted on

the side of the vehicle because of the severe problems encountered with

aerodynamic loading and heating during the vehicle's passage through the

lower atmosphere. This antenna configuration was rejected in Paragraph 2

above because of the severe accuracy limitations of the system employing a

radio polarimeter. Moreover, even if both of these criticisms are

ignored, the mechanical problems associated with mounting a gimbaled

dish on the side of a missile or booster vehicle, except possibly for

certain very special applications, are prohibitive.

The arguments cited above appear to leave the interferometer con-

figuration, which permits the use of extremely simple antennas, as the

only remaining possibility for vehicle attitude measurement by RF

techniques. Even here, however, suitable antenna placement poses

major problems. It is, indeed, possible to employ flush-mounted slot

antennas. On the other hand, it is extremely difficult, if not impossible,

to place these antennas on the vehicle in such a fashion that a suitable

line of sight will be available to all antennas simultaneously, without

blocking by the vehicle itself and without the introduction of severe

multipath problems caused by reflections from the vehicle. Any signifi-

cant multipath would render the data obtained with this vehicle configura-

tion completely invalid.

This brief examination indicates that the prospects of installing

suitable vehicle antennas are not encouraging. Accordingly, the conclu-

sion of this examination of RF attitude measuring techniques is that

while such techniques are feasible in principle, they will not constitute

a practical solution to the attitude measurement problem except possibly

in very special cases (which do not include ballistic missiles or boosters

for space vehicles). On the other hand, the techniques might prove useful

in the case of satellite vehicles, in which considerably more latitude

might exist concerning placement of the antennas, inasmuch as such

vehicles are not so constrained by aerodynamic loading and thermal

problems and would not introduce the additional probleins of mounting the

antenna structure in the presence of the rocket motors and the associated

flame and flame attenuation.
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Since there may well exist cases in which the RF attitude measuring

techniques might prove practical and valuable, even though these cases

are probably limited to satellite vehicles, it appears reasonable to plan

for continued research on these techniques and their applications. At

the same time, in planning a global test environment, heavy dependence

should not be placed on the availability of such devices, nor should they

be scheduled for implementation at any specific time. The research

program should commence as a study program to determine the applic-

ability of these techniques to various types of vehicles and missions. If

the results of this study program are encouraging, a research program

should be instituted to construct a system suitable for further evaluation.

Only after adequate experimental confirmation has been obtained should

plans be made for development of a system for range operations.

5. "EXOTIC" OPTICAL TECHNIQUES FOR ATTITUDE MEASUREMENT

When the entire antenna structure is sufficiently small that it can be

suitably emplaced on the vehicle (preferably at a single location), the

preceding arguments concerning the impracticability of installing suitable

vehicle antennas are not valid. In the consideration of optical techniques,

the situation described here applies. An optical system which determines

the direction of arrival of an incident beam and its polarization should

prove eminently practicable for attitude measurement, and the recent

advent of coherent optical techniques appears to render this approach to

the problem even more feasible. Alternatively, the advent of coherent

optical techniques should also render feasible the use of the interfero-

metric method for vehicle attitude determination. In either case, trans-

mission would be from ground to vehicle. If the interferometric method

were employed, it could be used for phase comparisons either directly

on the optical carrier, or on a very high frequency microwave modulation

imposed on the carrier. Although, even in the interferometric case, it

presently appears preferable to transmit from ground to air, the system

employing the reverse direction of transmission should be explored in

greater detail in the future.

Despite the possibility of achieving extremely high attitude

measurement accuracies by coherent optical techniques, they are subject

to some very severe limitations, relative to RF techniques, in any
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tracking application. One of the most serious of these limitations is

the lack of an all-weather capability. This fact alone implies that the

improved optical techniques described will not constitute a panacea to the

vehicle attitude determination problem. In addition, as with optical

tracking techniques generally, there exists a problem of achieving

sufficient receiving cross section without requiring a beamwidth so

narrow as to pose difficult or impossible acquisition and tracking prob-

lems. Then, too, there is the usual problem of achieving optical trans-

mitter powers comparable to those which are readily achieved at radio

frequencies. This is a particularly difficult problem if a coherent CW

optical signal is required. Finally, the problem of assuring that the

optical windows on the vehicle will not be distorted or obscured is

significant in a number of applications, including ballistic missiles and

launch vehicles. For example, coating could certainly be expected to

occur with a silo -launched missile, such as Minuteman.

It can be concluded that work on optical techniques, particularly

coherent optical techniques, for vehicle attitude determination should

be continued, but that the basic limitations of optical techniques for

tracking will continue to prove decisive for many applications. Neverthe-

less, R and D programs for the study of optical attitude measurement

systems should be instituted and plans should be made for the development

and incorporation of such systems when their operational capability is

confirmed. Since these coherent optical attitude measurement systems

will constitute an upgrading of the current optical attitude measurement

capabilities, and will not solve the fundamental problems associated with

the use of optical techniques in tracking applications, the situation will

not be catastrophic in case these systems should not become available in

reliable operational form. Therefore, although it seems feasible to

tentatively plan for their incorporation, it will also be desirable to main-

tain the present optical attitude measuring capability by means of theo-

dolites, tracking telescopes, and similar conventional techniques.

Mention should be made of the possibility of measuring vehicle attitude

by the use of star trackers. This technique is certainly feasible, but has

a number of the problems described earlier for optical techniques in

general. In addition, it requires relatively sophisticated equipment on
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board the vehicle. In general, for use during the launch phase, it is

considerably less attractive than the "exotic" attitude measuring

techniques.

6. INERTIAL TECHNIQUES FOR ATTITUDE MEASUREMENTS

In view of the foregoing discussion, it does not appear that any of

the "exotic" attitude measurement techniques described will permit a

significant increase of our attitude measuring capabilities, at least for

general range use. While some of these techniques may prove very useful

in special cases and for special vehicles, they will, in general, not prove

applicable to the problem of vehicle attitude determination for the work-

horse vehicles (ballistic missiles and space vehicle boosters). The only

technique which appears to show any promise for improved attitude meas-

urement for these applications is that of attitude measurement by inertial

means. When an inertial guidance system is included as a part of the

vehicle, the attitude data available from this system can be telemetered.

In those cases in which a suitable inertial guidance system is not available,

or in backup attitude measurements, an auxiliary inertial system could be

employed. This system would be very crude compared to a precision

inertial guidance system. But even a relatively crude inertial platform

should provide data far in excess of foreseeable requirements for vehicle

attitude measurement. It should also be observed that the inertial attitude

measuring system has an outstanding advantage, relative to the optical

systems, in that it has an all-weather capability. While the addition of

such a platform to a vehicle would constitute an additional item of expense

and would add a certain amount of size and weight, these factors might be

made quite small by employing a system developed specifically for attitude

measurement. That is, the system should be designed only to the required

tolerances, rather than to the specifications typical for an inertial guidance

system. An inertial system developed solely for attitude measurement

need not have a specification for very low drift over long time periods;

since once injection into orbit (either a parking orbit or a final orbit) has

been achieved, the task of attitude determination may be taken over by

star and horizon sensors.
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A study should be made to determine the availability of systems

suitable for the use here proposed. In the eventuality that such systems

are not available with reasonable size, weight, and power requirements,

and at reasonable costs, a design study should be carried out to deter-

mine funding and lead-time requirements to develop such a system.

Institution of a development program should await a clearly defined

user requirement.
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Appendix X. TIME SYNCHRONIZATION BETWEEN
WIDELY SEPARATED POINTS

i. INTRODUCTION

Markowitz has pointed out that there are two basic aspects of time-

keeping: determination of epoch and determination of the unit or interval

(Reference I). Whereas epoch specifies when an event occurred, the time

unit is concerned with time interval and is independent of when the time

interval occurs.

Three basic types of epoch time are published by the United States

Naval Observatory. These times are based upon:

" The rotation of the earth about its axis

* The revolution of the moon around the earth

* The natural resonance phenomenon of the
atoms in cesium gas.

The Naval Observatory communicates seven kinds of time to the var-

ious users. There are three kinds of universal time (UTO, UTI, and UTZ),

two kinds of sidereal time (true sidereal and mean sidereal), ephemeris

time, and atomic (Al) time. Universal time is based upon the rotation of

the earth and is closely related to mean solar time. UTO is uncorrected

universal time; UTi is universal time corrected for observed polar motion;

and UT2 is universal time corrected for polar motion and for extrapolated

seasonal variation in speed of rotation of the earth. Sidereal time is also

derived from the earth's rotation, but is based upon the earth's rotation

with respect to the vernal equinox. Ephemeris time is based upon the

moon's revolution about the earth. Atomic time is derived from the atom-

ic resonance phenomenon.

The systems described in this appendix will generally be based upon

UTZ time, since this will convenience the largest number of users. For

range use only, any time base would suffice.

In a global test environment and in most other timing applications, the

problem of interest is to set and maintain all clocks in the system in

agreement with one another to a certain desired precision. The more

precise the agreement must be between clocks in the system, the more
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difficult the problem; and inasmuch as some of the clocks must be in

widely separated locations to be useful in a global test environment, the

problem is compounded.

Morgan has proposed the following three methods as solutions to the

problem of time synchronization of widely separated clocks (Reference 2):

* Transportation of a master clock to each location
where synchronization is desired

" Two-way transmission of radio signals between a
master clock and the slave clock or clocks

* One-way transmission of radio signals from a
master clock to the slave clock or clocks.

Method I would require almost continuous scheduled flying of the

standard to service all the sites. Synchronization more than once a day

would probably not be feasible, and a special trip with the standard would

be necessary in case of a failure which interrupted a local clock. In

general, it does not seem practical to synchronize many clocks to frac-

tional millisecond accuracy. All the systems described in this appendix

basically involve one-way transmission of radio signals from a master

clock to a local clock or clocks (Method 3), although (as described later

for the satellite system) Method 2 may be useful in a special application,

such as removal of transit time. This study concerns itself with three

probable systems, using Methods 2 or 3, for attaining time synchroniza-

tion over a major part of the free world in the 1965 to 1970 period. These

are current systems (primarily VLF radio), current and proposed LORAN-

C chains for timing use, and a possible satellite system.

2. SYSTEMS FOR GLOBAL TIME SYNCHRONIZATION

a. Current Systems

At the present time, HF radio, WWV (Beltsville, Maryland, 2. 5,

5, 10, 15, 20, 25 mc) and WWVH (Maui, Hawaii, 5, 10, 15 mc) and VLF

radio NBA (Summit, Canal Zone, 18 kc) and GBR (Rugby, England, 16 kc)

are available for time synchronization use on a semiglobal basis.

The discussion of advantages and disadvantages of both the VLF and
LORAN-C systems was taken primarily from the IRIG study (Reference 3).
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WWVL (Fort Collins, Colorado, 20 kc) is expected to be operational in

the early part of 1963. For fractional millisecond synchronization on a

global basis, VLF appears feasible. The stability of VLF propagation,

compared to HF propagation, and the need for long-range coverage for

time synchronization use indicates that a VLF system is preferable to

HF radio (HF timing accuracies are, at best, ±1 msec). Therefore, only

VLF systems will be considered here.

1. VLF CW Systems

When a VLF CW signal is received at a point on the earth

some distance from an earth-based transmitter, the signal consists of a

contribution due to the groundwave and contributions due to the various

skywave modes. In such a CW system, the range is extremely limited

(only a few hundred miles) where the ratio of groundwave to skywave is

large enough to attain accuracies approaching those inherent in a pulse

system.

2. VLF Pulse Systems

In a pulse system, however, it is possible to resolve the

various transmission modes and measure their phase separately. Figure I

depicts ground wave resolution. Since variation in propagation time for

the groundwave mode is considerably less than for skywave modes (random

ionospheric variations have very little effect on the propagation time of the

groundwave mode), it is desirable to select the groundwave portion of the

signal as the reference for either frequency or time.

IONOPMIRE '

--/ \ KYWAVE

ThANSMITT / ------ s v ITE

RECStYIR A PLING GATE

Figure 1. Groundwave Resolution

For limited geographical areas, direct cable is also used. Timing
synchronization along AMR is maintained to *50 Lsec at those sites
connected to the submarine cable.
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(a) Use as Time or Frequency Synchronization. The

VLF system for time or frequency synchronization (NBA, GBR, WWVL)

employs a relatively slow-rising pulse (when not being used for communi-

cations) every second on the second. The transmitted pulse is approxi-

mately 0. 3 sec in duration and has a rise time of approximately 15 msec.

Once each 15 min, a station programmer inserts the station call letters

in international Morse code. The 29th, 56th, 57th, 58th, and 59th second

pulses of each minute are omitted. During the last 5 min of each hour,

the second pulses from 51 to 55 are omitted to identify the minute. The

basic principle is that it is possible to estimate the time required for VLF

pulse bursts to propagate over the surface of the earth to an accuracy of

from 5 to 10 lisec. Once the local clock is set to agree with the master

standard, the local timing oscillator can be slaved (phase-lock loop) to

the VLF timing signals from a master station, thus providing continuous

synchronization.

(b) Accuracy. In the VLF band, antenna-bandwidth limit-

ations and antenna-detuning problems limit the shape and rise time of the

transmitted pulse and, hence, the system accuracy. The slow rise time

of the transmitted pulse makes determination of the pulse beginning diffi-

cult. This is the major limitation on the accuracy of the system. Cur-

rently, real-time system accuracy from 500 Jisec to I msec is realizable;

it is not anticipated that the probable eventual accuracy will be much better

than *50 lisec (Reference 3). Obviously, periods of sunrise and sunset

effects (periods of extreme phase instability) should be excluded. The sun-

rise and sunset periods of instability are approximately half an hour for

each ionospheric reflection point involved.

(c) Advantages. The advantages of the VLF pulse system

are as follows:

" Essentially world-wide timing coverage can be

provided by existing transmitter over at least

part of each day.

* Relatively inexpensive equipment is required at

each receiving station ($2500 to $4500 per timing

receiver).

* Synchronizing signals occur at I-pps rate during
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periods when communications are not being

handled.

* The duty cycle of the transmitted pulse (30

percent) simplifies the task of phase measurements.

* Good and predictable phase stability exists in

spite of skywave contamination effects.

" Phase-locking of slave to master provides

continuous time synchronization.

(d) Disadvantages. The disadvantages of the VLF pulse

system are as follows:

- Slow rise time of transmitted pulse (approximately

15 msec)males determination of pulse beginning

difficult (probably in range 100 to 500 asec).

- Due to slow pulse rise times, all usable portions

of the transmitted pulse suffer from skywave con-

tamination.

- At present, NBA transmissions are interrupted to

handle communications (interruptions are infrequent;

NBA is part of a Navy emergency communications net).

b. Current and Proposed LORAN-C Chains

LORAN-C is a pulse navigation system which uses a carrier fre-

quency of 100 kc. A LORAN-C chain consists of a master station and two

or more slave stations. For navigation purposes, synchronized pulse

transmissions from a master-slave pair of stations generate hyperbolic

lines of position which are loci of points of constant time difference.

Transmissions from two pairs of stations (generally the master station

is common to each pair) generate a set of hyperbolic grids. Receivers

measure time difference of arrival of the pulses from each pair and obtain

a fix on these grids. This navigation system utilizes techniques for

selecting a given cycle and a point on that cycle; thus, this navigation

system satisfies the requirements for a precision time synchronization

system. At the present time, five localized LORAN-C chains are in oper-

ation: East Coast, North Atlantic, Mediterranean, Aleutians, and Hawaii.

Each station of the current LORAN-C chain transmits a group of

eight pulses (the master station has a ninth pulse for identification) with
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a uniform spacing between pulses of 1 msec. Each pulse has a rise time

of approximately 70 Lsec and a duration of approximately 160 [Isec. These

pulse groups time-share the group repetition interval, and the spacings

between pulse groups are known constants for any particular chain.

(See Figure 2.)

MASTER IDENTIFICATION PULSE/
IIIII111 I 1II11111 11111111 1111..1L...L.
STATION I STATION 2 STATION 3 MASTER
MASTER SLAVE X SLAVE Y

-- KNOWN DELAY

- KNOWN DELAY

GROUP REPETITION INTERVAL N

Figure 2. LORAN-C Time-Sharing of Group Repetition Intervals

For example, the East Coast chain has a group repetition rate of 20 pps

and, hence, a group repetition interval of 50 msec. When LORAN-C is
used as a time synchronization system,asignal from only one station is

sufficient, since the time relationship of pulse groups within a group

repetition interval is known.

For timing purposes, it is essential that the location of the re-

ceiver be known, since the transmission time between the transmitter

and the receiver must be determined independently. Propagation delay

calculation (and therefore timing accuracy) is directly dependent upon

relative position accuracy. If the relative position accuracy is within

1000 ft, then the best attainable timing accuracy is approximately I Isec;

10, 000 ft, 10 ILsec; etc. It has been shown (References 4, 5, 6) that

groundwave propagation times can be calculated to an accuracy between

0. 1 and 1. 0 F.sec, and it has been estimated that skywave propagation

times can be calculated to an accuracy better than 10 gIsec. The inaccur-

acy in the computation of transmission times is the major error in the

system and is due primarily to uncertainties in the conductivity and di-

electric constant of the earth and the refractive index of the medium.

Synchronization via groundwave LORAN-C reception is obviously prefer-

able and groundwave coverage from any particular station is possible

within a radius of some 1500 mi over land and 2000 mi over sea water.
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There is little doubt, however, that LORAN-C clocks may be synchron-

ized with skywaves (References 4, 5) to within 10 isec.

A slaved LORAN-C clock has been developed by NBS (References

5,6, 7) and consists of four major functional components: a timing receiver,

local oscillator, clock divider, and readout register and display. The

receiver uses sampling techniques to separate the first signal (groundwave

if within groundwave coverage) from subsequent skywave signals. Synch-

ronous detection techniques discriminate against nonsynchronous noise,

and frequency and phase of the local oscillator are phase-locked to that of

the transmitter oscillator. Thus, an inexpensive local oscillator may be

used since it is continuously (from a sampled data point of view) synch-

ronized with the transmitter oscillator and the slaved clock is constrained

to run at a rate controlled by the LORAN-C master transmitter. The

clock divider consists of 15 trochoidal beam-switching tubes acting as

decimal counters. The first tube operates at i mc, the second at 100 kc,

and so on, to the 15th, which operates once every several hundred days.

Carry outputs trigger bistable multivibrators which drive the following

beam-switching tube. An additional input to the bistable multivibrator

provides the capability of adding counts to each decade as an aid in setting

the clock. The seconds and minutes counters automatically reset to zero

on their 60th count. The hours counters are arranged to reset to zero on

their 24th count. Upon command, the readout system will display visually

the time from I lsec to 1000 days. To resolve ambiguity on initially

setting the clock, a seconds pulse from WWV (or equivalent source) is

used as a read command to set the clock within 10 msec. Then a pulse

derived from the LORAN-C receiver is used to set the clock to within

I Rsec (groundwave). (See Figure 3.)

1. Proposed LORAN-C Timing System

Interchain timing synchronization (monitored by the United

States Frequency Standard (USFS) at Boulder, Colorado, for instance)

would provide timing coverage for most of the world using both ground-

wave and skywave signals. It has been proposed (Reference 3) that

establishment of a LORAN-C station between Boulder, Colorado and the

East Coast and another station in the Southwestern United States would

provide groundwave coverage for the entire continental United States.

Similar techniques could be used to synchronize the remaining LORAN-C

chains.
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I SEC

GROUPREPETITON--
SINTERVAL'

"e.g., THE GROUP REPETITION INTERVAL FOR THE
EAST COAST CHAIN IS 50 mbec

Figure 3. Synchronization of LORAN-C with WWV Time Signal

(a) Advantages. The advantages of the LORAN-C

timing system are as follows:

* Fast pulse rise time (approximately 70 sec) allows

the signal to be detected before skywave contamina-

tion occurs for groundwave coverage to about 2000 mi.

* Sophisticated techniques, plus fast-pulse rise time,

enable determination of a known point of the pulse to

within 0. 1 isec using existing techniques.

" For groundwave coverag, extremely good phase

stability (less than 0. 1 jisec for pure groundwave

condition) is possible.

" Essentially worldwide timing coverage could be

integrated to provide worldwide navigation coverage

from the same uninterrupted transmissions (accura-

cies: groundwave I Rsec, skywave 10 4sec).
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0 After initial "set, " local timing oscillator can be

slaved (phase-locking) to the master oscillator to

provide continuous time synchronization.

(b) Disadvantages. The disadvantages of the LORAN-C

timing system are as follows:

Groundwave coverage limited to approximately 2000

mi over the sea and 1500 mi over land.

- Complex signal codings due to a large variety of

repetition rates result in costly timing receivers.

(IRIG estimates $30, 000 each without quantity re-

quirement. )

- Limited groundwave coverage necessitates a large

number of transmitter chains to make full use of

the LORAN-C 1-Lsec synchronization capabilities.

(IRIG estimates approximately $500, 000, plus

building facilities per transmitting station. )

- Nonintegral repetition rates (e. g. , 10. 01001 ... pps)

cause unduly complicated operational problems to

maintain time synchronization.

c. Possible Satellite Systems

It is certainly possible that, in the foreseeable future, systems

requiring time synchronization to a precision at least two orders of mag-

nitude greater than *1 Fsec will evolve. Examples of such possible sys-

tems are given in the following section.

1. Satellites with Active Relays

It is the purpose of this section to discuss a possible satellite

system which it appears could maintain timing synchronization to an

accuracy from I to 10 nsec. It is not intended that the system described

should be construed to be optimum in any sense, but certain features do

possess definite advantages over possible alternatives.

(a) Stability. It is important to realize that for this

contemplated satellite system, continuous synchronization will not be

possible. Therefore, it is imperative that a high-precision frequency
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standard (probably an atomic oscillator) be employed at each ground

station which requires 10 nsec accuracy.

Current research and development work is oriented to-

ward developing atomic oscillators with a long-term stability of I part in
14

10 per day. It is anticipated that in the 1965 to 1970 period, atomic

oscillators with a long-term stability (averaged over a day) of I part in

10 and a short-term stability on the order of I part in 1012 will be

available. Several factors contribute to the accumulative timing error

between two clocks, each controlled by an atomic oscillator of nominally

identical frequency:

More-or-less constant frequency offset. Once

this has been determined experimentally, an

appropriate correction may be made since this

would represent a linear drift with time (this

would probably have to be checked periodically).

Short-term stability. It has been shown theoret-

ically (Reference 8) that short-term, random,

frequency deviations lead to a probable accumula-

tive phase error increasing with time, even

though the average frequency error over a long

time approaches zero. This probable accumulative

phase error increases proportional to the square

root of the number of successive half-cycles of

free-running operation. (This would constitute

an estimate of a time-varying standard deviation

of a probabilistic error distribution due to short-

term, random frequency deviations. )

Long-term stability. For estimation of time

errors, this is usually treated as a probable

average drift rate per day.

It is not well understood at this time how to combine

these effects for a precise estimate of time errors between calibrations.

Further detailed study (partly experimental) is required. Typically, in

the literature, a rough estimate is made using the long-term stability as
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the basis for a calculation of an average drift rate per day. A more

conservative approach (to determine gross feasibility) would be to use

the short-term stability as the basis for calculating a probabilistic

expected error rate. For a short-term stability of I part in 1012, a

probable linear error rate of approximately 90 nsec per day would be

a conservative estimate. Calibration some 10 times a day would main-

tain time synchronization with the master clock within a probable *10

nsec, on the average.

(b) Orbits. Selection of useful orbits and satellite place-

ment within these orbits is complicated by the very large number of

possible alternatives. A particularly attractive choice, for several

reasons apparent from the discussion to follow, would be a number of

satellites in synchronous (24-hour) equatorial orbits. Three such satel-

lites, equally spaced, would provide line-of-sight coverage to a substan-

tial portion of the world.

If the function of the satellite is to relay a radio timing

signal from a master clock to a local clock, it is obvious that the transit

time involved is many orders of magnitude greater than the desired timing

tolerances. Measurement of the round-trip transit time, by means of a

transmission from Station I to the satellite, to Station 2, back to the

satellite, and back to Station 1, would provide a means for removing this

transit time. In the case of the 24-hour equatorial satellite, this transit

time is constant and the transmitted time would be advanced (at the

master station) by exactly one-half of the round-trip transit time. Since

the above argument invokes reciprocity, a few comments may be in order

concerning nonreciprocal propagation effects in the contemplated frequency

range. Two such effects briefly considered were nonstationary medium

and Faraday rotation. A very rough calculation (1-gc CW signal)

indicated that one could expect a phase uncertainty due to nonstationary

medium on the order of a few electrical degrees which would be negligibly

small. For CW signals at a frequency of I gc or greater, phase shift

due to Faraday rotation is estimated to be less than an electrical degree.

Design of the satellite transponder to achieve a delay stability of a few

nanoseconds at most would be necessary. Note also the assumption that

the slave transmitter and receiver pairs are matched to the master

transmitter and receiver pair.
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For a satellite in anything except a "stationary" orbit, it

would be necessary in the transit time correction to account for changes

in propagation path lengths, which occur during the correction process.

For example, an uncertainty in path length of 10 ft would introduce a

timing uncertainty of 10 nsec. Unfortunately, the relatively large

range rates (with respect to the earth) of low- and medium-altitude satel-

lites introduce an uncertainty in excess of 10 ft and thus do not appear

practical for a 10-nsec system.

As the orbital altitude decreases, the line-of-sight coverage

to the surface of the earth also decreases; a low-orbit or medium-orbit

system would require placement of a larger number of satellites than are

required for the synchronous (24-hour) system to achieve equivalent

coverage.

The discussion to this point has emphasized satellites in

equatorial 24-hour orbits. It is well known that, unless launched from a

point on the equator, it would be more difficult (and would require larger

boosters) to attain an equatorial 24-hour orbit than to attain an inclined

24-hour orbit (such as the 30-degree inclination for Syncom). The rela-

tively low range-rates of such an inclined 24-hour orbit permit corrections

for propagation path length changes (in the transit time removal described

for the equatorial case) to an accuracy better than 10 nsec and, with such

corrections, a system of satellites in 24-hour orbits inclined with respect

to the equator would be feasible for global time synchronization to the

desired accuracy.

As mentioned previously, to synchronize the system clocks

to the desired accuracy, it would be necessary to calibrate each clock in

the system (with respect to the master standard) several times a day. It

is clearly an advantage to have a relay satellite in "view" every instant

of the day (as would be the case for the synchronous satellite), since use

of the satellite transponder would undoubtedly be time-shared with

numerous ground stations. The time-sharing considerations would be

considerably more stringent if time synchronization were a secondary

function of the transponder aboard a communications satellite.
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(c) Timing Coding. If the timing information were

transmitted in the form of pulse bursts, the most severe limitation on the

system accuracy would be the rise time and shape of the pulse envelope.

To achieve pulse rise times sufficiently fast to assure that pulse beginning

could be resolved to a few nanoseconds would require tremendous band-

width and does not appear economically attractive.

A more attractive alternative is the transmission of

timing signals in the form of a sequence of sinusoidal subcarriers. The

ground station would produce a reference carrier plus sideband pairs

obtained by phase modulation of the carrier frequency with several har-

monically related sidetones. Both the carrier frequency and the sub-

carriers would be synthesized from the master frequency standard.

Ambiguity-resolution possibly could be achieved by appropriate amplitude

modulation of one of the subcarriers. Several advantages of this form of

implementation are:

* The removal of transit time could be implemented

very simply by phase shifters prior to transmission

of the timing signals.

0 Precision phase measurements to obtain desired

timing accuracy can be made using a phase com-
parison technique.

* Small information bandwidth required.

* Stabilization of the time delays in the transmitting

and receiving equipment to a few nanoseconds at

most may be achieved by careful implementation

of modulation feedback techniques such as have

been employed successfully in certain precision

CW tracking and guidance systems.

(d) Satellite Stabilization and Antenna Requirements.

The system could be reasonably implemented using spin-stabilization of

the satellite with the spin axis of the synchronous satellite aligned normal

to the orbit plane in order to satisfy the satellite stabilization and antenna

requirements. A linearly polarized dipole antenna, with the antenna

pattern axis aligned with the spin axis, would provide effective coverage
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that is relatively phase insensitive to the direction of the incoming

signal. Phase uncertainty introduced by the satellite spin at i gc is

anticipated to be on the order of 30 electrical degrees, at worst, which

would cause a timing error much less than i nsec.

(e) Multipurpose Satellite System. The great expense

in implementing a satellite system such as just described is probably not

economically justified if the sole purpose of the system were to achieve

the time synchronization function.

Incorporation of the time synchronization system as a

secondary function on a synchronous communication satellite system

(such as Syncom) seems an attractive solution. This could be accom-

plished either by including a separate transponder for time synchroniza-

tion or by time-sharing the communication transponder. However, it

should be noted that time-sharing the communication transponder would

impose requirements on the transponder for timing use considerably

more stringent than would have to be satisfied for communication only.

(f) Advantages. The advantages of the active ring

satellite system are as follows:

" Potential time synchronization accuracy is at least

two orders of magnitude better than any other

system contemplated.

" Incorporation of time synchronization system

as a secondary function of communication satellite

system is possible.

(g) Disadvantages. The disadvantages of the active

relay satellite system are as follows:

- Very large development and implementation expenses

are involved, particularly if timing is the sole func-

tion obtained.

- A satellite failure would eliminate synchronization

with the master standard over a large area for days,

and possibly for weeks.
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- Extensive problems would exist in the development

of hardware to achieve system stabilities of a few

nanoseconds.

2. Alternative Systems

At this time, an active relay satellite shows the most

promise for a satellite system used as part of a precision time synchroni-

zation system. However, two alternative approaches are proposed, list-

ing some of their major disadvantages, compared to the use of satellites

as active relays.

(a) Satellites as Passive Relays. The disadvantages of

this system are as follows:

- Imperfections in satellite (reflector) symmetry

could cause multipath effects of sufficient mag-

nitude to make desired accuracies unattainable.

- A passive satellite of practical size would

require extremely powerful transmitters.

- The possibility of obtaining precision timing in

conjunction with a relatively wideband communi-

cation satellite system is impractical for reason-

able transmitter powers.

(b) Atomic Clocks in Satellites Transmitting Time

Signals. The disadvantages of this system are as follows:

- It would still be desirable to synchronize satellite

clocks with a master standard on the earth.

- Carrying an atomic clock, frequency synthesizer,

timing receivers, timing transmitter, and so on,

in the satellite would necessitate a satellite of

considerable volume and large payload.

3. SYSTEM APPLICATIONS OF SATELLITE TIMING SYSTEMS

Since the preceding discussion has indicated the possibility of

achieving worldwide time synchronization to an accuracy far exceeding
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presently established requirements, it is appropriate to discuss the

potential applications of this capability to problems of general interest.

a. Tracking

A I - to 10 -nsec time synchronization capability opens up the pos sibility

of designing a very long baseline (hundreds of miles) interferometer. The

time synchronization system would serve the function of baseline synch-

ronization, and a i0-nsec timing uncertainty would represent a 10-ft error

in range sum (or range difference) measurement. With a baseline of

1700 nmi, this repiesents a worst-case angular error of I 4rad. With

sufficient care, range rate could be measured to 0. 1 fps, resulting in

an angular rate measurement of 0.01 4rad/sec. These measurements

would be made using a CW signal, suitably modulated with ranging infor-

mation, transmitted from a single station. The vehicle would utilize a

single-channel, phase-locked transponder, and the remaining stations

would operate in a passive reception mode only. Performance of the type

indicated here represents a significant improvement over present-day

interferometers without the problems of baseline synchronization by

ground links.

b. Communication

1. Secure Communications Systems

Typically, these systems function by modulating the intelligence

onto a very broadband carrier for transmission and by demodulating this

carrier by means of a correlation process with a similar broadband

reference carrier in the receiver. The receiver-reference waveform

must be a locally generated model of the transmitted carrier which is

properly phased with respect to this carrier as received. The output

bandwidth of the correlator is made equal to the bandwidth of the intelli-

gence transmitted. The broadband carrier modulation is essentially

random (pseudorandom) in character, which means that, although it is

basically causal, its structure is so complex that it is supposedly unknown

to any hostile agency which might be interested in jamming the communi-

cations link.

Not all of these applications are of major interest for range purposes.
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Evenif the receiver-reference frequency is identical to that of

the received carrier, phase control is essential since the correlation time

of a broadband signal is approximately equal to the reciprocal of its RF

bandwidth occupancy. Accordingly, when RF bandwidths of many mega-

cycles are employed, with correlation times of fractions of a microsecond,

very accurate synchronization between the received carrier modulation

and the locally generated reference modulation is required for successful

signal demodulation.

2. Nonsecure Digital Communications

It is well known that a matched filter for a received binary digital

waveform is an integrate-and-dump detector, i.e., one which integrates

the received signal (at video) for the duration of one bit, makes a binary

0-1 decision, restores the output of the integrator to the null level, and

repeats the process on the next bit. In order to successfully perform this

operation, fairly accurate bit sync knowledge is required, usually about

1/10th of the bit length. A 10-nsec timing error would then permit

"optimum" detection of a 10-megabit/sec signal. If the timing function

were accomplished via a communication satellite, it would serve a very

important role in the communication function itself.

c. Aircraft Navigation

An accurate time standard carried in an aircraft would permit imple-

mentation of a one-way TACAN navigation system, in which range and

angle to the TACAN site would be passively measured in the aircraft.

Position information could be derived to a few tens of feet. The advantages

of this type of navigation are:

* The aircraft would not have to carry a transmitter.

There would be no possibility of saturating the

TACAN station, as is the case with the present

two-way interrogating system.

It should be noted that, for an application of this type, the aircraft

clock would be synchronized before take-off from the airport, and the

standard would be maintained by an atomically stabilized oscillator acting

as a flywheel.
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d. Geodesy

An improved tracking system of the sort described in Paragraph 3.a.

above, operating with satellites whose orbits are known to a high degree

of precision, would permit improved accuracy in the knowledge of the

tracking station's location.

4. CONCLUSIONS

Possible time synchronization over most of the world through 1965 to

1970 is summarized as follows:

Possible Possible
System Current 1-3 Years 1965-70

VLF ±500 ±sec :100 jisec *50 Lsec

LORAN-C - I isec *0. 5 lisec

Synchronous
Satellite System - +1 to 10 nsec

For applications requiring time synchronization to no better than

±500 4sec, VLF radio is already operational. Multichannel receiving

equipment is relatively inexpensive and operation is quite reliable.

The majority of timing requirements in the immediate future requires

time synchronization to no better than *1 isec. LORAN-C groundwave

has a proven capability of achieving this accuracy. Existing chains should

be synchronized to a common master standard and additional stations

built to provide coverage for most of the world.

For very high precision timing synchronization requirements (i to 10

nsec), a synchronous satellite system serving as active relays for micro-

wave CW timing signals (probably with a carrier frequency of 1 to 10 gc)

appears feasible. From an economic point of view, it appears desirable

to incorporate this precision timing function within a synchronous com-

munication satellite system.
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Appendix XI. GEOPHYSICAL CONSIDERATIONS IN METRIC
INSTRUMENTATION

i. INTRODUCTION

For the purpose of range instrumentation planning, it is of interest

to consider the effects of uncertainties in those geophysical properties

which affect the trajectories of missiles and space vehicles being

tracked by the test ranges, viz. , gravitational potential and atmos-

pheric density (drag fluctuations). These uncertainties must be taken

into account in precise orbit prediction (e. g. , for a satellite to cali-

brate a range instrumentation system, such as Mistram) and in certain

test operations, such as the Guidance Evaluation Missile (GEM), where

complete trajectory is interpolated from measurements taken at the

end points by using free-fall calculations. It is the purpose of this

appendix to briefly assess the uncertainties in computed trajectories

arising from imperfect knowledge of the geophysical properties men-

tioned here.

The status of today's geophysical knowledge is sufficient to pre-

clude any problems in current weapons system applications (impact

prediction) (Reference I). Thus, this appendix will consider geophysi-

cal uncertainties in orbit prediction. To permit analytic treatment,

the discussion will be restricted to circular orbits. Specifically,

uncertainties one revolution after epoch will be considered. It is

assumed that the orbital parameters are perfectly known at epoch so

that only the geophysical uncertainties will propagate. In real life, of

course, the orbital parameters would be determined by observations

and, hence, the observational uncertainties would contribute to the

total uncertainty.
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2. GRAVITATIONAL POTENTIAL

The earth's gravitational potential external to the earth may be rep-

resented by a series of spherical harmonics (Ref 2).

u = a-M i- 1 (0) P(0) (Coste)
r I nn

00 n in m (m n( n (co s 9) co s mn (
+ 1 PnN

n= =

where

G = universal gravitational constant

M = earth's mass

R = mean equatorial radius of the earth

r = geocentric distance

e = polar angle

X = east longitude
P (ml Legendre polynomials or order n

n
cos (9)

Cs() = associated constant empirical Legendre coefficients.

P n(0) = P n; Legendre zonal harmonic

(in) n im; Legendre tesseral harmonicPn

(in)
Pn , n = m; Legendre sectorial harmonic.

The terms involving cos mnk - kn(r)l take into account the variations

of U with longitude. I J

The series representation in equation (1) must be truncated to be useful;

a good approximation is obtained by using
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7

U = - (0) p (0) (cos 9)

n=2

+ jn(m) P n (m) (cos 6) cos -]\(m) (2)

n=2 m=1 L]

where J 0.

The second order zonal term in the series, J2 [Efpz (COS 9),

essentially represents the oblateness of the geoid and is by far the

largest perturbing term. This term causes large precessional motions

in the orbit, both a rotation of the orbital plane (nodal' regression,

e. g. , the angle ,. in Figure 1 exemplifies nodal regression after one

revolution) and a rotation of the line of apsides. These are secular

(increasing with time) perturbations, to which all the higher-order

even zonal harmonics contribute (although to much lesser extent than

does the second harmonic). In addition, the second harmonic term

causes a nonsecular periodic perturbation in geocentric distance, which

will be discussed subsequently; the second harmonic contributions to

uncertainties along the orbit and orthogonal to the orbit plane will

also be discussed subsequently.
NORTH

OIIT

Figure 1. Orbit Showing Nodal Regression

Those points on the celestial sphere where the satellite crosses the

equator are called the nodes.

The major axis of an orbit, extended indefinitely, is called the line
of apsides. Since, by definition, a circular orbit does not have a
unique major axis, no unique line of apsides exists.
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The third-order zonal term in Equation (2) causes a slow change in

the orbital elements, primarily in the eccentricity, with a period equal

to that of the rotation of the line of apsides. All the higher-order odd

zonal harmonics contribute, to a much lesser extent, to this periodic

perturbation. As a first approximation, it is of interest to examine

the uncertainties in a circular orbit due to uncertainties in J2 (second-

order zonal coefficient), neglecting higher order terms. Uncertainties

will exist in geocentric distance (radial perturbation), position along

the orbital path, and position orthogonal to the orbit plane.

The best values quoted in the literature for the zonal coefficients are

probably those of Kozai (Reference 4) Thus

J 2 = (1082.48 E 0.06) x 10-6

where 0.06 x 10 - 6 is the rms scatter in his determination of J and will

be referred to subsequently as a.

The radial error may be estimated by

- R
- (3)

where R is the mean equatorial radius of the earth and h is the height

of the circular orbit.

The uncertainty in position along the orbit (one revolution from epoch)

is directly related to uncertainty in period. The period, taking into

account the oblateness of the earth, is given by

T {1 - J ( ) cos i + cos i sin i- .-1 sin] (4)

where i is the inclination angle of the orbit and T is the period for a

spherical earth (Reference 4). The uncertainty in the period may be

estimated by
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2

T Cos + Cos 1 sin21 - I sin] T (5)+ To

At some intermediate orbit inclination, the period of the satellite

will be indeperdent of theoblateness term J2 " This occurs when the

trigonometric term in Equations (4) and (5) vanishes. This is the case

when the orbit plane is inclined at approximately 69 deg to the equator

(i = 69 deg). Arbitrarily taking the inclination angle to equal 45 deg

(0.604)

(i = 45 deg) = . .. (6)
1 - 2 () (. 604)

lh

The uncertainty in position along the orbit (one revolution from epoch),

with i = 45 deg, is given by

= iTT (R+h) -,T- (i = 45 deg) (7)
p

The uncertainty in position orthogonal to the orbit plane at time t

is related to the uncertainty in nodal regression. Nodal regression

r in Figure 1) has been shown in References 5 to equal

JZ R 2.nJz cos i18

r = J2 R 2 cos i J 2 rad (8)

h+)Z
Thus, the uncertainty in nodal regression may be expressed

2rru cos i

S -s rad (9)
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Then the uncertainty in position arc orthogonal to the orbit plane

(one revolution from epoch) may be expressed

2rr- cos i sin i
a- = ~R +h (10)

t+

and for i = 45 deg

r a- (R + h)

From Equations (3), (6), (7), and (11), Table I was constructed for the

various uncertainties at several orbital altitudes. It should be noted

that the values in this table represent approximate standard deviations

and the actual error will, of course, be larger part of the time.

Table 1. Estimate of Uncertainties in Orbit Prediction Due to

Uncertainty in the Coefficient of the Second Zonal

Harmonic in the Earth's Gravitational Potential
Expansion (One Revolution from Epoch)

Uncertainty in
Uncertainty in Uncertainty in Position

Orbital Geocentric Position Arc Orthogonal
Altitude Distance r Arc Along the Orbit to the Orbit Plane

h I- I-
(nmi) (ft) (f (ft)

100 1. 17 4.6 (0. o00Z1)* 3.8 (0. 00018)*

200 1. 13 4.5 (0. O002O)* 3. 7 (0. 00017)*

300 1. 10 4.4 (0. 00019)* 3.6 (0. 00016)*

500 1. 05 4.2 (0. 00017)* 3.4 (0. 00014)*

1000 0.93 3.7 (0. 00014)- 3. 1 (0. 000 11)*

- The numbers in parentheses refer to the geocentric angle
(in mr) subtended by the uncertainty in position arc.
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It was shown in the previous section (Table I) that, although the

second order zonal term is by far the largest perturbing term in the

earth's potential, the coefficient J2 is known to sufficient precision

that errors in orbit prediction due to uncertainty in J2 are quite small.

It is of interest to consider uncertainties in orbit prediction due

to uncertainties in the coefficients of the tesseral harmonics. Kozia

(Reference 6), inhis analysis of the effects of tesseral harmonics on

the orbits of close earth satellites, concludes that there are no secular

perturbations of the first order in any orbital elements and that the

amplitudes of the long-periodic (integral fractions of a day) terms are

greater by an order of magnitude than the short-periodic terms. These

results have been used to calculate the approximate long-periodic per-

turbations in position coordinates (resulting from neglect of tesseral

harmonic terms through the fourth order ) for a near-circular, near-

polar satellite orbit. Combining these results with the uncertainties

in the coefficients of the tesseral harmonics as derived by Kozai

(Reference 6) yields Table II, which represents an estimate of uncertain-

ties in position coordinates of such a satellite even if tesseral harmonic

terms through the fourth order are included in the expression for the

potential of the earth as in equation (2). Note that because the tesseral

coefficients are known to such poor precision the position uncertainties

in Table II are very much greater than the position uncertainties in

Table I. The total uncertainty in each position coordinate would be on

the order of hundreds of feet.

3. ATMOSPHERIC DENSITY

Since the earth's atmosphere is not symmetric,drag fluctuations such

as fluctuations in atmospheric density (diurnal bulge), perturbations due

to solar activity and magnetic storms, and other effects must be taken

into account in precise orbit prediction.

It is not possible to predict the atmospheric parameters perfectly

and, hence, drag fluctuations lead to pronounced orbital uncertainties

below 200 nmi. Probably the 1962 Paetzold model (Reference 7)

represents the state of the art. It appears that the atmospheric

parameters are predictable on the basis of this model to within 10

percent.
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Table II Estimate of Uncertainties in Orbit Prediction Due to
Uncertainties in the Coefficients of Tesseral Harmonics
in the Earth's Gravitational Potential Expansion

Uncertainty in
Uncertainty in Uncertainty in Position Arc

Geocentric Position Arc Orthogonal to
Coefficient Period Distance Along the Orbit the Orbit Plane(H s rr(ft) IT (ft) _L_(ft )

(2) 12 0 433 94

J3 0) 24 44 0 0

J3 ( 2 )  12 124 0 0

J 3
( 3 )  8 342 0 0

54(1) 24 0 193 243

54 ( 2 )  12 0 Z58 21

J4(3) 8 0 92 92

J4 (4 )  6 0 880 228

It is not the purpose of this appendix to discuss atmospheric models

or problems in detail. The reader is referred to References 7 and 8

for a good discussion. Rather, it is of interest to consider the errors

in orbital predictions due to drag fluctuations as analyzed by Moe

(References 9, 10, 11).
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Figure 2 presents the uncertainty in position arc along the orbit

path due to uncertainties in the atmospheric model for a 100 nmi circular

orbit. It is important to note that these curves refer to a particular
w 2

representative satellite W = 100 lb/ft . For any particular vehicle
C D A

with a particular C ratio, the ordinates of the curves in Figure
D AW

2 are inversely proportional to the A  ratio.

Figure 3 provides a curve yielding coefficients to apply to the curves in

Figure 2 to obtain errors for orbital altitudes above 100 nmi.

Table III presents the errors in position arc for various orbital

altitudes obtained from Figures 2 and 3. In addition, an estimate of

uncertainties in geocentric distance due to atmospheric density uncer-

tainties is presented using as a rule-of-thumb (derived from empirical

experience) that the uncertainties in geocentric distance are approxi-

mately 0. 1 times the magnitude of the corresponding uncertainty in

position arc. It is important to note that the values in Table 2 represent

one standard deviation.

102 

+

zS - -.---- I0  -

~ANDC 1959

(SUNSPOT MAXIMUM)

1ADC 9 (SUNSPOT MINIUMI I

a .. ....

,o- . .. .

INITIAL ELEM ENTS P1I1FIECTLY KNOWN -"S OLAR FLUX AND GOAGNTIC PAN(TMY A ITUDE
I 0 M -CCU-A& 111--1

UqEDCTAXQE TO WITIN 10 IR ITS

CDA 100 Ll FT
2

REVOLUTION IRo EPOC 13 20 
-

"tI."T (N M I

Figure 2. Errors in Orbital Figure 3. Relative Error
Predictions Using Paetzold's Caused by Drag Fluctuations
and the ARDC Atmosphere in Predictions for Circular

Orbit
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Table III. Estimate of Uncertainties in Orbital Prediction
Due to Uncertainties in the Atmospheric Model
(One Revolution from Epoch)

Uncertainty in
Orbital Uncertainty in Position Arc Along
Altitude Geocentric Distance the Orbit
(nmi) a- (ft) a- (ft)

r p

100 50 500 (0. 0023)"

200 4.0 40 (0.00018)-

300 0.5 5 (0.000022)

500 0.04 0.4 (0. 0000015)*

1000 negligible negligible

The numbers in parentheses refer to the geocentric angle
(in mr) subtended by the uncertainty in position angle.

4. CONCLUSIONS

Consideration of Table III indicates that, for orbits above 300 nmi

errors due to drag fluctuations should present no problems. Consider-

able work is being done on the derivation of atmospheric parameters

from observational data. However, no startling breakthrough is

anticipated in the 1965-70 period as far as improvements on a "predic-

tion" model of atmospheric density. Below 200 nmi, errors due to

imperfect knowledge of atmospheric density variation can interfere

significantly with precise orbit prediction.

From Table II, it is apparent that errors in orbit prediction due to

uncertainties in the tesseral harmonic coefficients are likely to be

greater than 100 ft in each position coordinate. Thus, the uncertainties

are sufficiently large to pose a serious problem at this time in connect-

ion with the metric instrumentation problem. However, it is felt that

reduction of satellite data (particularly ANNA and TRANSIT) over the

next few years should reduce the uncertainties in the tesseral harmonic

11-10



ESD-TDR-63-354 APPENDIX XI
VOLUME 5 GEOPHYSICAL CONSIDERATIONS IN

METRIC INSTRUMENTATION

coefficients by perhaps an order of magnitude and reduce the correspond-

ing position uncertainties by a like amount. It appears that work toward

improvements in the values for the tesseral harmonic coefficients is

vital for such range projects as a calibration satellite.

Calibration and/or geodetic satellites will probably impose the most

stringent requirements on orbit prediction during the 1965-70 period. It

is likely that the major source of error will be the uncertainty in the

orbital parameters as determined by observations. For the calibration

satellite, it is quite likely that the range system under test will be the

source of the observational data used to determine the initial orbital

parameters - a "bootstrap' technique. Errors due to the uncertainties

in the determination of the orbital parameters will likely be comparable

to or outweigh errors due to geophysical uncertainties.

It is of interest to consider a specific test operation (of importance

in weapon system evaluation) in light of the previous discussion on

precise orbit prediction. Often it is desirable to determine a missile's

position and velocity vector at the point of injection into free flight using

metric data taken at a later time (reentry, for example) and "extra-

polating back" to the injection point via free flight computations. If

this free flight portion of the trajectory is approximated by a segment of

a circular 100 nmi orbit, the previous results can be used to estimate

geophysical uncertainties in missile position at injection. For example,

consider the segment to be 1/5 of a 100 nmi circular orbit, using Table

II and Figure 2, yields (in the notation of Tables II and III).

Uncertainties in the Tesseral Uncertainties in the
Harmonic Coefficients Atmospheric Density
(Gravitational Potential) Model

a' r (ft) a-p (ft) I- (ft) r (ft) ap (ft)

100 -00 100 10 10

The geophysical uncertainties will very likely be comparable to the

errors due to uncertainties in the metric data taken at reentry. This

points out again the need for more precise values for the empirical

tesseral coefficients in the gravitational potential expression.
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APPENDIX XII. TRACKING SYSTEMS ERROR ANALYSIS

A. INTRODUCTION

I. PURPOSE

Although the instrument measurement and survey errors of the

various tracking systems may be known, it is still necessary to propagate

these errors into the resultant errors in determination of the missile or

spacecraft position and velocity. Only in this way can the tracking poten-

tial of each system be evaluated for various missions. The purpose of

this appendix is to show the method by which error propagation equations

were derived, and to list these equations along with applicable assump-

tions and limitations.

2. TRACKING SYSTEMS STUDIED

In the present study, formulas were generated for the propagation of

the instrument and survey error of four different radio tracking systems

into errors in determination errors of vehicle position and velocity. These

four systems are representative of those now being used or planned for use in

the near future which appear to offer the best potential for meeting future

mission requirements. The systems for which the formulas have been

developed are:

* Radar: measuring range (R), azimuth (A), and

elevation (E)

* Interferometer: measuring range, range rate,

direction cosines, and direction cosine rates

* General Electric Range Tracking System (GERTS):

a combination of radar position measurement and

interferometer velocity measurement

* Trilateration: measuring range and range rate

from three stations

The Mistram system can be treated as an interferometer by dividing

errors in range difference measurements by the baseline length to derive

an equivalent error in direction cosine, and by treating the time deriva-

tives of these measurements in the same fashion. Another network which
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is a modification of the complete trilateration network is one in which

vehicle position is determined from one or two radars measuring range,

azimuth, and elevation, and vehicle velocity is determined by a three-

station range-rate trilateration. In this case, the position error vuld

result from the appropriate propagation of the radar RAE measurements,

and would be worse than that obtained from a range trilateration. In

addition, the velocity error is somewhat worse than that obtained with

the range and range-rate trilateration network because of the manner

in which position errors propagate into velocity errors.

3. APPROACH

Although the equations for the radar and interferometer were derived

successfully by matrix methods, analysis of the trilateration network by

the same method proved impractical. Instead, a vectorial approach was

chosen for the derivation which, in turn, provided a geometric interpre-

tation of the problem. A graphical method was developed to assist in

evaluating the error coefficients. One of the primary reasons for the

detailed study of the trilateration case was that the trilateration approach

appears to be the only feasible method for satisfying mission require-

ments far down range of the launch area where the interferometer trackers

(Mistram, Azusa) are no longer capable of accurate tracking. These

stations are located in widely dispersed areas throughout the world.

The sources of error were divided into two categories: those origin-

ating as errors in the measurement; and those originating in location of

the measurement system. For obvious reasons, it was desirable that the

metric error due to those effects be kept separate.

Rather than dividing the vehicle metric error components

due to these error sources into errors in a specific coordinate system

such as (-x, 0-y, a z), the errors are derived in terms of a total mean-

2 2
square position, a-P, or velocity, 0V, error. This is in conformity

with the mission requirements which are also given in this manner.
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B. SURVEY ERRORS

i. GENERAL

Survey errors are of two general types: internal and external.

Internal survey errors for a gimbaled tracking antenna consist of errors

in the determination of the direction of the azimuth reference (usually

true North), and in the direction of the elevation reference, (usually the

direction connecting the origin of the local coordinate system and the

earth's center of mass). Internal survey errors for an interferometer

system consist of errors in measurement of baseline lengths and base-

line orientations with respect to true North and true local vertical. These

types of survey errors are considered to be contributors to the total

measurement error of the instrument itself, and their effects are lumped

under "instrumental" error sources. That is, if all such internal errors

are taken into account in quoting the accuracies of the direction cosines

and their time derivatives in the case of the interferometers, and in

quoting the azimuth and elevation accuracies in the case of the tracking

radars, only the station location errors need be attributed to survey

errors. External survey errors are defined as the errors in the location

of the origin of the local tracker coordinate system, with respect to a

reference coordinate system, usually geocentric.

Station location errors contribute to total mean-square error in deter-

mination of vehicle position and velocity in the reference coordinate

system. An interferometer is considered a "single point tracker" in the

context of external survey errors, since the baseline measurements are

made with respect to a single,local coordinate system. The same holds

true for the GERTS system, which is a hybrid combination of a gimbaled

range, azimuth, and elevation (RAE) radar and a rate interferometer.

The station location error problem is treated somewhat differently

in the case of the trilateration network, since the stations are generally

separated by hundreds of miles. The data used for analysis of the network

performance are the range and range-rate errors of the individual radars,

whose location errors with respect to some reference coordinate system

are assumed to be uncorrelated. Methods of treating these uncorrelated

station location errors are developed in Section F of this appendix. If

the station locations are determined with respect to the prime coordinate

system to which vehicle position and velocity are eventually referenced,
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these methods alone will suffice. If the station locations are determined

with respect to some common intermediate datum, then the methods of

Section F are used to determine vehicle position and velocity errors with

respect to this intermediate datum, and the location errors of this datum

with respect to the prime coordinate system are treated in the same

fashion as those of a "single point tracker" in the following discussion.

2. POSITION ERRORS

Consider a tracking system located at (xo, Y0 Z ) which is believed

to be located at (0, 0, 0) in the reference Cartesian coordinate system

and let the position of the vehicle being tracked be (x, y, z) in this refer-

ence system. We suppose that the directions of the reference coordinate

axes are known at the tracking station, so that the only survey error is an

error in knowledge of the station position. In this case,the station will

make position measurements which, when transformed into the reference

coordinate system, may be expressed in terms of the coordinates x', y',

z1. These measurements are related to the true vehicle position by

x = x-X
0

Y y - Yo (I)

Z =z -z 0

From Equation (I), it is apparent that the errors in determination of the

vehicle coordinates in the reference coordinate system are given by

x -x - X
0

Y' - Y- - yo (2)

zl - z= - z
0

and that the square of the resulting position error 6A is

2 2 2 2 2(3
(6 = x + y0 

+ z0 =(6) (3)
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where 69S is the survey position error. If we let T be the mean-square

value of the location error, it follows immediately that the mean-square

error in vehicle position determination due to external survey error is

0.2 0.2 (4)

and this result holds true for all systems whose measurements are made

with respect to a single reference point. The derivation of Equation (4)

has not taken into account rotation of the local coordinate system due to

latitude and longitude errors in the station location, since Equation (I)

assumed that the directions of the reference axes are known. Suppose

that the true directions of North, East, and vertical are accurately deter-

mined and there is no error in station altitude. A station-location errorRo+ h i h
of L will result in a vehicle position error of L R. h, where R is the

earth radius and h is the vehicle altitude. This degree of sophistication

in the present analysis is unnecessary for two reasons:

" There is considerable uncertainty in assigning

accurate values to the station location errors
R +h0

* At extremely high altitudes, when the factor
R

differs significantly from unity, trilateration

networks are employed whose station-location

errors are separately analyzed.

3. VELOCITY ERRORS

Differentiation of Equation (1) yields

y y (5)

which shows that the tracking station determines the velocity components

in the local coordinate system correctly. The important point here is

simply that the velocity vector is the time rate of change of a position

vector without regard to the choice of the origin for the position vector.
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From Equation (5) it follows that the mean-square velocity error due to

station-location error is

0 ' = 0 (6)

Equation (6) does not mean that station-location errors are of no concern

to the determination of vector components of vehicle velocity, since the

rotation of the local coordinate system will introduce a corresponding

angular rotation error of the measured velocity. The effect of these

errors, however, will usually be much smaller than the instrumental

errors. For example, if 1I1 = 30,000 ft/sec and 1s-I = 210 feet, the

resultant error is 0. 3 ft/sec in a direction normal to '.
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C. RAE RADAR

i. VARIATIONAL EQUATIONS

Consider an RAE radar located at the origin of a Cartesian coordinate

system in which the z axis lies in the direction of the local vertical. Let

the Cartesian coordinates of the vehicle being tracked by the radar be x, y, z.

The Cartesian coordinates are given in terms of the radar coordinates by

x = R cos E cos A

y = R cos E sin A (7)

z = R sin E

While the natural coordinate system for the radar is the spherical polar

coordinate system, the fact that the directions of the unit vectors in this

natural coordinate system are functions of the vehicle position complicates

a direct analysis of the manner in which errors propagate into position

and velocity errors. For this reason, it seems preferable to refer the

errors to a fixed Cartesian coordinate system from the outset and to

make use of matrix methods for the analysis.

We first derive the variational equations that show the manner in

which variations in R, A, E are related to variations in x, y, z. We shall

make use of the fact that if n,12) .... 11m are functions of a1, t2 .....

n' the variations in the 1k's are expressible in terms of the variations

in the t;k'S by means of the matrix formula

8T) Iq 8'n 1 8111

ih1 2  812 8n2

(8)

8
I m 8 

TIm bnm

III a tW I. .
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From Equations (7) and (8), we have

6x 6R

5y M 6E (9)

6z 6A

where

cos Ecos A -R sin Ecos A -R cos Esin A
M = cos E sin A -R sin E sin A R cos E cosA (10)

sin E R cos E 0

From Equation (9) we have
_ T • T

6x 6x 6R 6R

(6x)2+ (6y)Z+(5) 2 = 6y 6 =M 1  SE (I1)

6z 6 z  6A 6A

where the superscript T indicates the transpose of the matrix. From

Equation (10) we find that

1 0 0

MTM = 0 R 2  0 (12)MII

0 0 R cos E

which illustrates the orthogonal character of the R, A, E coordinate system.

From Equations (It) and (12), we now have

-22 2 2 2 2 2
(6R)2 = (6x) + (Sy) + (Sz) = (6R) + (RE) + (R cos E 6A) (13)

While the result expressed by Equation (13) is well known, the derivation

given serves to introduce the methodology employed in the remainder of

this analysis.
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The corresponding variational equations for 6,, 6j, 6 are derived as

follows. From Equation (7) we find, by differentiation with respect to

time, that

x R cos E cos A - ER sin E cos A - AR cos E sin A

y= R cos E sin A -ER sin E sin A + AR cos E cos A (14)

z = k. sin E + ER cos E

Next we write

6R[ ] ~j S [:1 M [R] (5
Li SE L SAJR

6A

where

6x 6x 6x

BR BE 3A

BR BE BA.

6z 6'k 6A

aA at aA

and

Ox Ox Ox
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From Equation 14, for the elements of M 2 we have

- cos E cos A

S-R sin E cos A
,9E

.ax. = -R cos E sin A
8A

- = cos E sin Aak

- -R sin E sin A (18)

= R cos E cos A
8A

- = sin E

az
- R cos E

at

a -

From Equations (18), (16), and (10) we see that*

M 2 = M1  (19)

That the relationship expressed by Equation (19) is valid is not a
peculiarity of the spherical polar coordinate system but holds in the
general case. To establish this rejult, we have only to observe that
from the usual formula for partial differentiation

n ak

Tik = n

from which it follows that

k &k
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Also, from Equation (14) for the elements of M 3 , we have

- -E sin E cos A - A cos E sin A

a = -R sin E cos A - ER cos E cos A + AR sin E sin A

ax
8A = -R cos E sin A+ ER sin E sin A- AR cos E cos A

BY -E sin E sin A + A cos E cos A5-R

BE -R sin E sin A -R cos E sin A -AR sin E cos A (20)

Rcos E cos A - R sin E cos A -AR cos E sin A5-A

E cos E

8 = cos E - ER sin E
BE

a --k 0

Equation (15) may now be written

6 M1  SE + M3  6E (21)

6z L6A 6A

whose transpose is

T T T

6 - Si MT + SE MT (22)

Sz. [SA IA

12-11
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If we let

.T

-2 .2 .2 .2 [ T I(3
(6V) (6x) + (Sy) + (6z) 6yj (3)

then, from Equations (21) and (22), we have

T T T

26) E T M 6,+ E* T M E+ 6 T j E

6A 6A 6A 6 A 6A SA

6SR' T 6 R]

+ 6E M TM 6E (24)

6A 6A

Since the transpose of a scalar is once again a scalar, we haveI .Tr T T
SR 6SRI 6R 6 R (5
6E MI 36E 6E M 3 M i  6E (5)

6A 6A 6A 6A

which permits Equation (24) to be simplified to the form

[ T 6R 6R 6R 6R 6R

2 T, 1.116 M M3I6EI+ 26 MIM 3 SE~ (26)
6SA 6A [SA

Before evaluating the matrices in Equation (26), it will be convenient to

introduce the statistical considerations.
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2. STATISTICAL CONSIDERATIONS

If the errors 6R, 6E, and 6A are uncorrelated and have zero-mean

values (on an a priori basis), it follows from Equation (13) that the

instrumental mean-square position error is given by

2 = 2+ 22 + R2 2 E 2
PI + cos EA (27)

which, under the conditions

2 2 (28)
E = A

can be written

2 = 2 + 2 R2 2
wPI R A,E (1+ cos E) (29)

where a-R' E E and aA are the equivalent rms errors in R, E, A after

such smoothing as may be performed in data reduction.

The above point pertaining to data smoothing is sufficiently important

to warrant additional discussion. In general, radar data are filtered

digitally in the course of reduction of the raw output data. A transforma-

tion to a reference Cartesian coordinate system is usually made prior to

the final smoothing. The radar outputs, of course, are already smoothed

by the action of the range- and angle-tracking servos, and some additional

smoothing may, on occasion, be performed on R, E, A prior to the trans-

formation to the reference coordinate system. The nonlinearity of the

coordinate transformation implies a considerable complication in assess-

ing the effects of smoothing after the coordinate transformation when the

nominal values of R, E, A cannot legitimately be considered to be constant

over the smoothing interval, although it gives rise to no particular prob-
lems in smoothing the data. The alternative is to smooth the R, E, A

data directly and then effect the transformation to the reference coordinate

system. If the smoothing is properly done in both cases, the results

should be comparable. Since the error analysis is so much more tract-

able when the numerical smoothing, differentiation, etc. , are performed

on the measured parameters R, E, A, such smoothing will be assumed for

the remainder of this analysis of the R, E, A radar performance.
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When numerical (digital) filtering or differentiation is performed,

the efficiency of the smoothing operation, relative to the raw data, is

strongly dependent on the spectral characteristics of the raw data.

Obviously, the sampling rate must be sufficiently high relative to the

spectrum of the data to avoid aliasing. The output R, E, A data will, of

course, have low-pass spectra, and the spectral widths will be determined

by the bandwidths of the range, azimuth, and elevation servo systems.

If the output of a data channel is sampled with a sampling frequency equal

to twice the spectral width of the data (that is, at a sampling rate equal to
twice the noise bandwidth of the servo system), the resulting data samples

will contain all the information obtainable from the data source and, in

fact, will permit reconstruction of the original output data. This result

from interpolation theory is the well-known sampling theorem.

The statistical version of the sampling theorem states, in addition,

that if the output noise (which is presumed to be stationary over the

period of interest) is gaussian, then samples taken at a sampling fre-

quency equal to twice the noise bandwidth are statistically independent.

Since the servo bandwidths are narrow relative to the noise bandwidth at

the servo input, the gaussian assumption should be valid for the fluctuating

portion of the radar output. This assumption does not, of course, take

into account the causal cyclic errors in the equipment (which should be

small in a well-designed radar).

On the basis of the preceding discussion, it is clear that in an analy-

sis of the effects of numerical filtering operations, there is no essential

loss of generality in the assumption that the data samples are taken at a

sampling rate equal to twice the bandwidth of the appropriate servo system,

that the fluctuating parts of these samples are statistically independent,

and that the digital filtering process is designed to optimize the resulting

radar data (position and velocity data). These remarks are applicable to

the interpretation of Equation (27), but are especially critical for the

analysis of the mean-square velocity error. For this reason, the following

discussion is concentrated on the velocity error.

A reasonable numerical differentiation formula for obtaining R, E,

from R, E, A is one based on optimizing the differentiation operator in a

minimum mean-square error sense on the assumption that the data can
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be adequately represented by a quadratic polynomial over the smoothing

interval, subject to the constraint that the operator should yield the cor-

rect value of the function being smoothed when the input data are error-

free. The operator is taken to be linear and the result of the smoothing

(and differentiation) operation is to be applicable at the midpoint of the

interval over which the samples are given. If samples T
1
_n' - '

11o' 71 ... ' In are given, the estimator for 0o is of the form

A n

'io k Wkqk (30)

where the carat over 0o indicates that the right-hand side is an estimate

for io rather than o itself. When q(t) can be fitted by a quadratic

polynomial over the smoothing interval and when the samples are error-

free, the value of the sum on the right is indeed io = .(O); this is guaran-

teed by the constraint mentioned above. Specifically, the constraint

requires that

n n n2

A kw = i, W =0 (31)
k=-n kn k n

where A is the sampling period. The fact that these constraints are

necessary if Equation (30) is to fit a quadratic function without error is

easily verified. If the weights Wk are now determined, subject to Equa-

tion (31) to provide minimum mean-square error when the errors in the

samples 'k are uncorrelated with equal variances and zero means, it is

easily found that wk is given by

3kWk = n(Zn+ 1)(n+ i)A (-n < k < n) (32)

A
and that the mean-square value of the estimate 0 is given by

A ̂3- 2(i

0() 3oW Z(33)

n(2n+ 1)(n+ I)A
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Here a-2 (q ) is the common variance of the lk's. The results expressed

by Equations (32) and (33) are well known, but a few points concerning these

equations should be noted. First, the fact that w_ k = - Wk shows that any

constant bias in the samples TI k will have no effect on the digital filtering.

This fact also follows from the first constraint in Equation (31) and is to

be expected since the derivative of a constant is zero. When the errors

are not only uncorrelated with identical means but also have a joint

gaussian distribution, a linear operator is optimum for estimating o

(and o , etc. ) in the mean-square sense. This well-known result implies

that for the case of interest, the estimator, Equation (30), with the wk

given by Equation (32) is absolutely optimum in a mean-square sense,

subject to the constraints noted previously. In other words, in the radar

case, we shall be doing as well as is possible with the available data.

Similar remarks are applicable to any smoothing operation performed

on the sequence T
1 k to estimate rio. In this case, the smoothing operator

will be symmetric (Wk W k) about the midpoint of the data interval rather

than antisymmetric (wk = -wk) as is the case in estimating i 0 . It is also

worth observing that the total data interval (span of (2n+ 1) data points)

over which smoothing is performed may well differ for estimating o and

10.

ztA
It would be desirable to place the expression for a- (ho ) in a form

that shows the dependence on the smoothing time and the noise bandwidth

(servo bandwidth) more explicitly. For this purpose, we write

m = Zn + 1 (34)

so that m is the total number of data samples used in the smoothing pro-

cess. For the right-hand side of Equation (33) we have

2A120-2 (TO) 120 o2 (TI2 ^ 2

(2n)(Zn+ 1)(2n+ 2)A 2  (m-)(m)(m+ 1lA 2

which may be written as

2 ^ 120- 2(h)
0- (710) = (35)0m(m

2 - I)A 2

Henceforth, we may omit the subscript zero as the result applies at any
A

time, and we shall suppose that h is calculated from the estimate ,

permitting us to drop the carat also for notational convenience.
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Now, observe that

1

(36)

where B is the servo noise bandwidth and that
T

mA = T, m =- = 2BT (37)

where T is the interval over which the smoothing (numerical differentiation)

is performed. In general, we will have m > > I, since otherwise no appre-

ciable filtering is performed in the data reduction process. We may

therefoie write

0-2 10- (38)
(rn,) 2m

which, on using Equation (37), may be rewritten as

2( ) 122(1) (39)
T- IBT)

where we have replaced Z by = for convenience in writing. Equation

(39) is notable in that it no longer depends explicitly on the number of

samples. The quantity ZBT is of some interest, however, as it is pre-

cisely the number of independent samples of a signal of bandwidth B in

time T. The final form in which we shall use Equation (39) is

TO 6 2 (r (40)

BT

Next we turn to a study of the correlation properties of optimum

position and rate estimates. To make matters definite, we consider the

range and range-rate errors, when range rate is obtained by numerical
A

differentiation of range data. Thus we consider the estimate R obtained

by filtering on Zm+ I samples and the estimate R which is obtained by

filtering on Zn+ I samples. These estimates are to apply at a common

time. Let the original data be Rk, with errors
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5Rk = Xk + Y (41)

Here Y is a bias common to the measurements R k , while the X ks are

the fluctuating part of the error. The samples are taken at a rate equal

to twice the bandwidth of the range servo, so that the Xk's are uncorrelated

(they may actually be taken to be independent) with zero means. Although

Y is a bias, it may be taken a priori to be a random variable with zero

mean. It is clear that both the resulting range error* after smoothing, 6R,

and the resulting range-rate error after smoothing have zero means.

We wish to show that they are also uncorrelated. For this purpose, we

write the weights used in estimating R as uk and the weights used in

differentiating R as vk. We recall that uk = uk and vk = -vk.

Hence for the resulting errors 6R and 6R we have from Equation (41)

m

6R = u°6R + uk (6R+ 6 Rk)
k=1

u Y + UX + .u k Xk+ X_k) (42)

=-m k=1

n

6R = v. (6R-6R.i)

j=1

=I v (Xj- X_j) (43)j=1

On observing that the requirement that the estimator for R should be

unbiased implies

m

I uk= (44)

k--m
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We may rewrite Equations (42) and (43) as

m

6R Y + u 0X 0+ I uk(Xk+ X-k) (45)
k=i

n

Iv j (Xx-xi) (46)
j--1

Clearly, Y does not correlate with any terms on the right in Equation

(46). Also, none of the terms involving the X's on the right of Equation

(45) will correlate with any of the terms on the right in Equation (46) for

j j k. If j = k, the product of the term on the right in Equation (45) with

the corresponding term on the right in Equation (46) will be

u Xv (k (xxk)=ukvk ( - 2 k), (47)

which clearly has a zero mean since a (Xk) = 0,(X k). Using the

notation <X> for the mathematical expectation of the random variable

X, it follows that

<R6 R> = 0 (48)

as was asserted.

The same argument shows that

0 , <6A6A> = 0 (49)

Moreover, it is certainly reasonable to assume that the errors in

R, E, A are mutually uncorrelated. It now follows from this reasonable

hypothesis, and from Equations (48) and (49) that 6R, BE, 6A, 6R, Bi,

BA are all uncorrelated. Since, in addition, they all have zero means,

we see that the term involving M TM 3 in Equation (26), when averaged,

contributes nothing to the mean-square velocity error. Accordingly, the

computation of the matrix MT M is unnecessary.
1 3
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Consider now the contributions of the first and second terms on

the right in Equation (Z6) to the mean-square velocity error. Since 6A,

6i, 6SA are uncorrelated, only the diagonal terms in MT M contribute

to the mean-square velocity error. In similar fashion, since 6R, 6E,
T

6A are uncorrelated, only the diagonal terms in the matrix M 3 M 3

contribute to the mean-square velocity error.

Denoting the diagonal elements of the matrix MT M b a aby3 a3 a 2 2 ,
a 33 we have, from Equation (17)

. 2 ,2 (.
a3 (-BR) + A.) +

ak )2 + %_) + )2.\. rt

az )2.. + (_ i~ 2 2\
a 33 -- + I + _5 )- !(o

which, from Equation (20) becomes (after some reduction)

2- 2z 2
a 1 I E + cos2E

a2 2  R + ER + ?R? sin2 E (51)

a3 3 = (Rcos E- ER sin E)2 + k2 R 2 cos 2 E

From Equations (12), (26), and (51), we then have for the total instru-

mental mean-square velocity error

0I- + R c + (Rcos E) 0A+ ( 2 + cos E)0R

.2.22.2 2 2 2+ (R + E R + A R sin E)0 E

+ 1(k cos E ER sin E) 2 + Ji,?R 2 cos?- E 1 2 (52)

Note that
V2' 2 + (RE)2 + (Rk cos E)? (53
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from which v2 2 +E + cosE (54)

which could be substituted into Equation (5Z), if convenient. If the

fluctuating components of the error on the azimuth and elevation meas-

urements have the same statistical properties and if these measurements

are digitally smoothed and differentiated with the same operator, it

follows that

2 2EYI = A-X (55)

Using Equations (28), (54), and (55), we can write Equation (52) in

the form

2 2 + 2 2 + ~s2 + /V2-p2
+r 0~ R (1 o E) (56)-[I =R ( + n E)+ *2R R - (56)

A - n, (  ++ R0(1 + cos E) + (RA) - RER sin 2EA,

It is still required to determine precisely what values of o 2(R),

o- (E), and o (A) should be used in calculating o-R), o (E), and (A)

by means of Equation (40). Since o 2(,q) in Equation (40) is the variance

of that portion of 9i which fluctuates from sample to sample, it does not

include the contribution of the random bias. With the notation of Equation

(41), we find that the variance which should be used in calculating a (R)

from Equation (40) is o- 2(X) = o- (Xk). To clearly identify the variances,

we shall write the variance of the bias portion of a measurement error

as , ( ), and the variance of the fluctuating or noiselike portion as

- ( ). For example, we haven

)k) Q + o-2(Rk) (57)

Then a2(k), a (), and 2 (A) in Equation (52) are to be calculated from

the formulas

2 T n (R) (58)

R-R
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0 ( ) _ _6 Cn(2 E) (59)

BETE

0-(A) - 6 -(A) (60)
BT

A A

The quantities o 2(R), -2(E), -2(A) which appear in Equation (52) are

the mean-square values of the smoothed R, E, A measurements. Their

precise values cannot be expressed in terms of the corresponding quan-

tities a- 2 and ( ) until the smoothing time T and the servo
bn2 2 2

bandwidths are specified. However, in practice a- (R), a- (E), 0- (A)

will generally be estimated from specified performance data without

recourse to the details of the smoothing procedure. In any case, we

see from Equation (45) that we shall always have

a- (R)? a- b(R), 0-(E) >__ Crb(E), a-(A) a- b(A) (61)

where equality holds when and only when the fluctuating components

are absent.

To summarize, the mean-square instrumental error for position2 2Z an 2
is given by Equation (27), where the values of oR 'A and a E to be

used are the sums of the contributions from bias errors and fluctuation

errors, after such smoothing as may be applied. The mean-square

instrumental error for velocity is given by Equation (52), where the
2 2 .2

values for a' A and aE are the same as used in Equation (27) and
R 2 A' 2  2 E

the values of GTA' -k' OCt to be used are given by Equations (58), (59),

and (60).
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D. AZUSA AND MISTRAM INTERFEROMETERS

I. GENERAL

For this analysis, it is assumed that the interferometer legs

are orthogonal and lie in a horizontal plane, and that the origin of co-

ordinates is taken to lie at the phase center of the antenna employed for

range and range-rate measurement. While these assumptions are not

strictly valid, for Mistram in particular, they preserve the essential

features of both the Mistram and Azusa tracking systems to a degree

sufficient for an error analysis in which the effects of internal errors are

included in the error estimates for the basic parameters measured by

these systems. Finally, when the range to the vehicle is large relative

to the interferometer baseline, we may view the interferometer portion

of the system as measuring the cosines of the angle of arrival of the

incident wave with respect to the directions of the baselines, together

with their time derivatives. The geometry is illustrated in Figure 1

below, in which the range to the vehicle is assumed to be sufficiently

great so that the parallel-ray geometry constitutes an adequate approxi-

mation. This is the case of primary interest for the applications of both

the Mistram and Azusa tracking systems.

R1

R2

Kb

Figure 1. Parallel-Ray Geometry
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From the figure it is clear that what the system actually measures

by phase-comparison techniques is the range difference A = R i -R 2 ,

but that

coR -R 2  (62)
cos - - b

so that the interpretation in terms of direction cosines is completely

equivalent to the interpretation in terms of range differences. In the

Azusa case, the cosine interpretation is most common, and accuracies

are quoted in terms of errors in the direction cosines and the direction

cosine rates, whereas in the Mistram case, accuracies are generally

quoted in terms of the errors in the range differences, P and Q, and

their time derivatives.

For the purpose of this analysis, it will prove notationally more

convenient to employ the interpretation in terms of the cosines of the

angles of arrival of the incident wave with respect to the directions of

the system baselines. Since the baselines are taken to be orthogonal,

we may suppose the baselines to lie in the X-Y plane and to be centered

at the origin of the reference Cartesian coordinate system in which the

positive direction of the Z axis lies upward along the local vertical.

Moreover, we may take the interferometer legs to lie along the X and Y

axes, respectively. With these assumptions and the additional convention

that the angle of arrival of the incident ray is measured with respect to

the positive direction of the appropriate X or Y coordinate axis, it

follows that the cosines measured by the interferometer are precisely

the direction cosines of the line of sight to the vehicle with respect to

the Cartesian coordinate axes. If we write the direction cosines of this

line of sight with respect to the X, Y, and Z axes as I, m, n respectively,

the three basic position parameters measured by the tracking system

are R, L, m. (Here R is range to the vehicle.) The remaining direction

cosine is determined from the condition

Z1 + m 2 + n :1 (63)
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where it is understood that n t 0 since the vehicle must be above the

horizon. The corresponding rate parameters are R, i, rAi (and the

derived quantity n, when convenient). The details of the manner in which

the position and rate parameters are measured differ somewhat between

Azusa and Mistram, but these differences are not germane to the present

analysis.

2. VARIATIONAL EQUATIONS

The Cartesian coordinates of the vehicle are given by

x = RI

y = Rm (64)

z =Rn

We will employ the matrix technique in a manner entirely analogous

to its use in Section C of this appendix (the RAE radar). In this way,

we obtain at once the expressions

6x 6R
6y =M 1 I 61 (65)

6z 6 rn

and

6R

1x6 6Rt 6R

6y = M M] Sm =M 1  6j + M 3 61 (66)

6i 6R 6r; 6m
61

Sm

.where the matrices M1 and M 3 are given by

ax 8x 8x

M by ._x (67)

az az az
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and

ac ac a

- - L y (68)M 3 -R b-T am

&z &z 8z

The fact that the matrix coefficient of the vector (6R, 6 , 6m) in Equation

(66) is the same as the coefficient of the vector (6R, 61, 6m) in Equation

(65) is a consequence of the fact that

ax , ax 8; b ax ax8h R a 8.1 8r in

with similar results for the other two Cartesian coordinates. The nota-

tion employed for the matrices is the same as that used in Section C of

this appendix to emphasize the identity of the underlying methodology.

In evaluating the elements of M and M 3 , it will prove convenient

to employ Equation (63) to obtain formulas for -L, an 8n

and -L-. Differentiation of Equation (63) with respect to I yields

amn

I + n--2 0

whence

n (69)bj n

In the same fashion we find that

an m-n (70)
Orm n

To obtain expressions for the partial derivatives of 1i with respect

to I and m, we first differentiate Equation (63) with respect to time to

obtain

11+ mm + nn r 0 (71)

On differentiating Equation (71) with respect to I , we get
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n + nan+ n = 0

which may be solved for an in the form
8n

8h I a
= V ~ +~~(72)

Substitution of Equation (69) on the right side of Equation (72) finally

yields
y8-n i (7 3)

n

In a similar fashion we have

En _ -nm (74)
am n2

As a final preliminary, we differentiate Equation (64) with respect

to time to obtain

x = i + RI

= Am + Rn (75)

z = Rn + Rh

By use of EquaLions (64), (69), (70), (73), (74), and (75), we may

immediately write the following explicit expressions for the matrices

M I and M 3 defined by Equations (67) and (68)

[m =0 R] (76)

I k 0

M 0 R (77)

M 3

n -R(1 -RD
-- n n

n A n n +

12-27



ES.5TDR43.4 APPENDIX XII
VOLUME 5 TRACKING SYSTEMS ERROR ANALYSIS

Precisely as in the previous analysis of the R, A, E radar, we

obtain from Equations (65) and (66) the quadratic forms

-2 2 2 2 F6RT T mR

= = m1 M T M 1(6x1 (78)

and

(6V) (Sx) + (6 Sy) + (z) 6i M 1 M 3 161

TT

+R &I ~ RM T 1 +2 i MTR 1(9
3l 3 1 3

6m J rnJ 6m

3. STATISTICAL CONSIDERATIONS

To obtain the mean-square values of (51.) 2 and (6V) 2 we have now

only to take the expectations on the right and sides of Equations (78) and

(79). For this purpose it is essential to have some information concern-

ing the statistical properties of the errors 6R, 6, 6m, 6k, 61, 6m.

These properties are the subject of the following discussion.

In general, it is to be expected that the errors 61, 6m will be

correlated because a portion of these errors is caused by propagation

phenomena common to both legs of the interferometer. For the Mistram

case, the fact that a common receiving system is employed at one end

of the I and m legs of the interferometer also implies that instrumental

errors in this receiving system will be common to both the I and m

measurements. Similar comments are applicable to correlation among

the errors 6 " and 6rn. The correlation between a direction cosine error,

5 (, and the cosine rate error, 6i, may also be expected to depend, at

least partially, on the details of the system implementation. The same

holds almost without exception, for the various possible pairs of errors.
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The net result of this state of affairs is to introduce a degree of complex-

ity which renders a precise evaluation of the mean-square position and

velocity errors impractical without a very detailed consideration of the

system implementation and of the propagation phenomena which play such

an important role in determining the performance of a precision tracking

system.

Moreover, to evaluate the performance of the tracking system in

question, we propose to be as realistic as possible by employing experi-

mental data concerning the rms values of the errors 6k, 6i, 6m, 6R,

61, 6m. Unfortunately, while the rms values of these quantities have

been measured, inferred, or estimated from experimental data, no

significant information is available concerning the correlations between

them. For the same reason, no reliable information is available con-

cerning permanent biases in the measured parameters. As a consequence,

the only reasonable statistical hypothesis permitting use of available data

is that the errors in the measured parameters have zero means and are

uncorrelated. While this :hypothesis is certainly not strictly valid, it is

felt to constitute the best si igle hypothesis permitting effective use to be

made of available data. In any event, the resulting accuracy estimates

(while not exact) should be adequate for planning purposes.

Subject to the hypothesis (introduced above) that the errors in the

measured para.meters have zero means and are uncorrelated (on an.&

priori basis), it follows that R and 6V also have zero means, so that

we may use their variances for their mean-square values. If we now

take the expectations in Equations (78) and (79), it follows from the

foregoing statistical hypotheses that the mean-square values of bRand

6V are given by

2 0.2. 2 .2
o"1 (b")b 1 1  (R) + b2 2 T (1) + b 3 3 02 (m) (80)

and

I (6V) b1 1 T (R) + b 2 2 c () 33 (rh)

+ c (r (R ) + c 2 2  a' ( ) + C 3 ( ) (81)
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where we have employed b k for the elements of the matrix M ITM and

c for the elements of the matrix M 3TM 3. The subscript I indicatesCjk3
that the errors given by Equations (80) and (81) are the so-called

"instrumental" errors, referred to previously.

By straightforward matrix multiplication and use of Equation (63)

we find at once from Equation (76) that

b =111

b2  R2 (i +(.)) (82)b22 n

b R 2 (1 +(m)2)

and from Equation (77)

2 +z 2 ZCl= I +m 2 +n

c+ k + + R (n ) (83)22n n

c33 = I 2  + [ -m + R ( r m. . Am )2

33 P n

In principle, Equations (80), (81), (82), and (83) complete the error

analysis. However, it will be worthwhile to pursue the implications of

these equations sqmewhat further to exhibit their geometrical significance

and to obtain formulas more convenient for numerical computation. For

this purpose, it is reasonable to make the additional assumption that

cr(f) = 0(m)
(84)

0-Jf) = (rI-)

Under the conditions of Equation (84), Equations (80) and (81) become,

respectively,

2 2 a2
o2 (6R) 2 (R) + (b 2 2 + b 33) 2() (85)
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and

2' (6) 2(R)~ + (132 2 + b3 3  2

+ C1 1  2 (R) + C22 + c( -2 (86)

We now have.

b= +b R 2  2 1
2 32 n2

R2 + + + n

n 2

R, R(I +J (87)
n

On recalling that n = sin E, where E is the elevttion angle, we see that

b 2 2 + b 3 3  R(1 + csc2 E) (88)

A straightforward calculation using the equivalent spherical polar

coordinate expressions for 2, m, and n yields, after some simplifications.

2 * 2 2
c1i = E + A cos E

c 2 2 + c 3 3 =2R +(RE csc 2 ERcot E) + R A cot2 E (89)

The expression for c 1 I may be given an alternative interpretation by

observing that

S2 * 2 (RE) + (RA cosE) 2  V - k 2

E + A cos E = 2 (90)R2  R 2

since (RE) + (RA cos E) is the square of the component of the vehicle

velocity normal to the line of sight. By means of Equation (90), we have
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2 _ R2
c V R2 (9i)

The basic equations for determination of the instrumental position

and velocity errors are then

a'2 2 + R2 (I + csc E) 02 (92)

2 2 R1 2 2 VR2 _ R 2  2

a'VI = 'R I + csc E Tr+ R2 4 R
R1

[ZR2 +(RE csc E - Rcot E)+RA cot' E]j0, (93)
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E. GERTS

1. GENERAL

The GERTS tracking system is a combination of a CW interferometer

system which measures range rate, R, and direction cosine rates (or,

equivalently, range-rate differences), i and rn, with a pulse radar which

measures range, R, azimuth, A, and elevation, E. The procedure to be

followed for the analysis will be similar to that employed for the R,A,E

radar and for the Asuza and Mistram tracking systems. Some care is

required to account properly for the fact that basically different coordinate

systems (measured parameter sets) are employed for position and rate

measurement. The notation and conventions used in these analyses will

be employed without additional explanation. It is understood that the

position-measuring radar is located at the origin of the reference Cartesian

coordinate system.

The Cartesian coordinates are given in terms of the measured para-

meters by

x = R cos E cos A

y R cos E sin A (94)
z R sinE

while rates are given by Equation (75), derived in the interferometer analysis

analysis and repeated below for reference.

:k kf + RI

A Rm + Rin (75)

z Rn + Rn

In Equation (75), the range, R, and the direction cosines, I and m, are

now determined by means of the R,A,E measurements of the tracking

radar. The direction cosines are given explicitly in terms of the measured

angles by

I cos E cos A

m = cos E sin A (95)

n . sin E
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E. GERTS

1. GENERAL

The GERTS tracking system is a combination of a CW interferometer

system which measures range rate, R, and direction cosine rates (or,

equivalently, range-rate differences), i and n, with a pulse radar which

measures range, R, azimuth, A, and elevation, E. The procedure to be

followed for the analysis will be similar to that employed for the R,A, E

radar and for the Asuza and Mistram tracking systems. Some care is

required to account properly for the fact that basically different coordinate

systems (measured parameter sets) are employed for position and rate

measurement. The notation and conventions used in these analyses will

be employed without additional explanation. It is understood that the

position-measuring radar is located at the origin of the reference Cartesian

coordinate system.

The Cartesian coordinates are given in terms of the measured para-

meters by

x = R cos E cos A

y R cos E sin A (94)

z R sin E

while rates are given by Equation (75), derived in the interferometer analysis

analysis and repeated below for reference.

k ki A+ RI

S Rm + Rin (75)

z Rn + Rn

In Equation (75), the range, R, and the direction cosines, I and m, are

now determined by means of the R, A, E measurements of the tracking

radar. The direction cosines are given explicitly in terms of the measured

angles by

I cos E cos A

m - cos E sin A (95)

n sin E
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Also, the quantity n is a derived rather than measured quantity. By use

of Equation (71), n may be expressed as

nl 2 + mm
n

from which we obtain by substitution, using Equation (95)

h z--;cot E cos A - rn cot E sin A. (96)

Substitution of the result expressed by Equation (96) into Equation (75) and

use of Equation (95) yields the rate equations

k = RcosE cosA +R!

S kCOs E sin A + Rfii (97)

R sin E - R cot E (cos A + rm sin A)

which express x, ,, directly in terms of the measured parameters.

In the following analysis, only the instramental velocity error will be

derived, based on Equation (97). Since the position determination of the

GERTS is precisely that of an RAE radar, the mean-square position error

is given by Equation (27).

2. VARIATIONAL EQUATION

The variational equation has the form[~ ~ 91 16S][R]
Ny N 6i + Nz SE (98)

where
__xa

N 81-M, (99)

az 0z a
0) k

and

ax a1 Ok

N2 = 8Yr OE y
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From Equation (98) the square of the velocity error 6V is

T

-2 _ 8k2 + 25 2 5 5 T N 6

I mI
NextVw (iernt)t +Equatio+ (97) to obti ex1ii exrsion o h

S7 R ~ 6R 5 R

+ 5E N2T N +2 61 NT N 6E1 (101)

Next we differentiate Equation (97) to obtain explicit expressions for th-;

matrices N and N 2 . In this way, we obtain

cos E cos A R 0

N I  cos E sin A 0 R (102)

sin E -R cot E cos A -R cot E sin A

and

-Rsin E cos A -Rcos E sin A

N 2 - -Rsin E sin A R cos E cos A (103)

cot E cos E+R csc 2E -R cot E

(I cos A rb sin A) , cos A + An sin A) .( £sinA + r ncos A

Henceforth, we shall write for the elements of the matrices in

Equation (101),

N N N- N - [j](104)

3. SrATISTICAL CONSIDERATIONS

We turn now to the essential statistical considerations. As for the

position- and rate-tracking interferometer analyzed previoasly, we make

the assumption that the variojs instrumental errors in the measured

position and rate parameters are uncorrelated and have zero means,

Actually, one would expect some correlation between 5 1 and 56rh, for the
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reasons explained in the earlier analysis. However, for present purposes,

the statistical hypotheses considered seem most appropriate on the same

basis as in the interferometer error analysis.

Under the statistical hypotheses indLcated above, we may take the

expectation on both sides of Equation (101) to obtain

2 2 + 2 + a 2
VI I OI C2? 3 3 -n

+ 2 2 2
11R + P22 ' E i P33 A (105)

The assumption that 5R, 5 1. 5rn. 6R. 8E, and 6A are all uncorrelated

and have zero means makes it unnecessary to calcalate any elements of

the matrix N T N 2 .

From Equation (102) we have

a I - I

a 2 2  R (1 + cot 2 E cos A) (106)

3 3  R 2 (1 + cot 2 E sin 2 A)

From Equation (103), after simplification, we have

*2 2 2 V- 2

P11 E+ A cos E R -107-
R (107)

P322 R+ ( L It csC E) _ 2 R A It cot E - (k - R t: cot E)" + (R )

3 (s2 2+ R2 ] 2 E)

We can make the additional hypothesis that

• a .fi (108)

which is eminently reasonable on physical grounds. From Equation (106)

we have
2 R 2 2 R 2

a22 + a33 R (1 + cot 2E) - R csc 2E (109)
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From Equations (106), (108), and (109), we can write Equation (105) in

the form

I 9 + (R csc E )' c. 2 2 2
0V R (Rcs E) +P1 I 'R + P220E+ 333 'A (110)

Equations (110) and (107) now provide the expressions for mean-square

instrumental velocity error of the GERTS.
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F. TRILATERATION NETWORKS

1. INTRODUCTION

The method of analysis used for the radar and interferometer proved

impractical for the trilateration network. This resulted, principally,

because there is no one natural Cartesian coordinate system for the problem;

and the expressions resulting from the squaring of partial derivatives became

too unwieldy. Instead, a vectorial approach was used permitting derivation

of expressions for 0-2 and °T 2 without introducing a coordinate system.
P V

However, to utilize these expressions for calculation of numerical results,

a Cartesian coordinate system must be introduced.

The development proceeds in the following manner:

* Step I. Variational equations are derived for the vector

position error, 6R, and velocity error, 6V, in terms of

variations in range and range rate from each of three

stations, without regard to the sources of these variations.

* Step 2. Vector expressions are developed for the

equivalent variations at each station (6Ak , 6Rk , k= 1,2,3)

caused by both instrument and station location errors.

These expressions are then substituted into the

results of Step I to derive expressions for 6R and

6V in terms of the instrument and survey errors.

* Step 3. Utilizing the results of Step 2, expressions are

derived for the mean-square position and velocity errors

in terms of the statistical properties of the basic error

sources.

2. VARIATIONAL EQUATIONS

a. General

During the analysis, it will be necessary to make use of the

following result which is stated as a lemma:

Let ak (k = 1,2,3) and x be vectors in three-dimensional

space and let bk (k = 1,2,3) be scalars. The necessary and

sufficient condition that the set of equations

T k bk (k = 1,2,3) (111)
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should have a unique solution is that

Il a 2  '3 ) 9- 0, (11)

where (aIa 2 a 3 ) is the triple scalar product, which is

given by9 1 ' a2xa3 or any cyclic variation thereof. When

the condition of Equation (112) is satisfied, the unique

solution of Equation (iIi) is given by

b 1 (7 xa 3 ) + b2 (1. c 1 + b3 ( ~ (113)X (113)
(a 2 3)

b. Position Error

Consider first the manner in which variations 6RI, 6R 2 ) 6R 3 in
the measured ranges R 1 , R 2 , R 3 cause a vector variation 6R in the vehicle

position defined by the trilateration network. The vectors from the three

tracking stations will be vritten as R1 1 2' 2 3 or in general R k from the

kth tracking station. The unit vectors in these directions will be designated

as 1,1 U2' u 3 or, in general, 'k"

Nox

R R R (114)
k k k

from which

k 6Ak = Rk 5Rk (115)

Noting that 6R k = 6R, Equation (115) thus becomes

I k 6R = Rk 6Rk (116)

and after division by Rk

Gk 6 - 6R k  (k= 1,2,3) (117)

Use of the lemma, Equation (113), therefore gives

6R 1 2 x -a3) 6R 1I + (r3x Tl 1 6R 2 + (Utx a 2) R 3  (118)
(,i G 2 u 3)
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Equation (118) may be put in a form better suited to geometrical

interpretation. Let us determine the geometrical interpretation for the

coefficients of 6RI, R 2 , 6R 3 . First define a unit vector u 23 by the equation

u2 x u 3
U23 T 2 x (119)

u x 3 1sgn ( a u 3)

where 1 is the length of a vector R and sgn x is +I if x > 0, and

-1 if x < 0.

The coefficient of 6R I in Equation (118) may now be written in the form

(2 u3) u23 (120)

I~ u 23) uI 23

It is apparent that U23 is a unit vector normal to the plane defined by the

second and third tracking stations and the vehicle. It is also obvious that

although reversal of the order of multiplication of -2 and i3 causes the

sign of the numerator in Equation (120) to reverse, the sign of the

denominator also is reversed and, therefore, the unit normal vector u23

is invariant in direction with regard to the order of multiplication.

The physical interpretation of this fact is that the direction of u23

does not depend on the direction in which the stations are numbered

(i. e., clockwise or counterclockwise) when looking down at the

earth from the vehicle. It can be shown that the direction of u23 is

always upwards and away from station 1, as illustrated in Figure 2. (The

observer is looking along the edge of the plane formed by the intersection

of R2 and R 3 at the vehicle. )

A physical interpretation of the direction of '23 can be gained by

considering a positive displacement in the length of R 1 , while the lengths

of R and R 3 are held constant. This displacement would cause the plane

R2 13 to rotate about the line joining stations 2 and 3, and the apparent

position of the vehicle would be displaced in the direction u2 3 , normal to

this plane.

The scalar productU I ' uZ 3 is given by

u I  u 2 3  - cos qb1  (121)
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VEHICLE #~ 23

41

STATION I
STATIONS 2 AND 3

Figure 2. Direction of 23

where 41 is the angle between the directions of uI and u23. Since, from

Equation (119), Ut *.23 > 0, the angle 0, is acute and the result may be

placed in an alternative form where

1 930 (122)

As thus defined, is the acute angle between R and the plane defined by

RZ and R. In terms of 0C Equation (121) becomes

u * u2 3  sin *1 (123)

The same result holds for the other two terms on the right of Equation (118).

Therefore, Equation (118) may be put in the following form to facilitate

geometrical interpretation:

6R = " 23 csc 0 1 6RI + Z 31 csc 4 2 6Rz + T12 csc 03 6R3 (124)

c. Velocity Error

Differentiation of Equation (114) with respect to time and use of

the fact that k Vi yields
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R k V Rk Rk (125)

from which

Rk k k 6Ak + A k 6Rk (126)

On recalling that BR k  6R, Equation (126) can be expressed as

'k 5R k VR (
i k • 6V = 6 (127)k k Rk

Use of the lemma, Equation (113), gives as a solution of Equation (127)

(1 2 u 3 6V= x u3  &6R1 + 11

+ + R 25R- V R
2\~ 5R 2- V.6

3~ ~ 3) 2
+ 3 6R3 -' 6RR (128)

Making use of Equations (120) and (123), Equation (128) can be written

1 1 R1 6R -V" 6R

6V = h2 csc 6k + 6R
23 1 RI

+ 31 csc 6R 2 + Ik R2 - V 6R

1&2R - 6R 

+ 1 C+c A3 36R 3  + R (129)

Inserting the explicit expression for 61k, given by Equation (124), into

Equation (129) and collecting terms yield

6V U23 csc I ARI + U 31 csc '62 6A 2 +  csc 03 A13

B1 I - B2 6R2 - B3 6R3 (130)
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where

B,= U2 3 csc U U2 3 csc - i] /R 1

+ U31 csc2 n 23 csc 01] /R 2  (131)

+ n 1 csc 3 [ 23 csc4l]/ R 3

B 2  UZ 3 csc 01 r ' a 3 1 csc 0 2] / R 1

+ d31 csc0 2 U31 csc2 -R] / R2  (132)

+ a zCSC3 7 31 csc ] / R 3

B3  U,2 3 csc 01 [V . 2 csc 3 ] /R 1

+ U31 csc2 IV i fl 2 csc3]/ R 2  (133)

+ 12csc 43 [V U1 cSc 3 - 1k] / R 3

Equations (124) and (130) are then the desired basic variational equations,

giving position and velocity variations as a function of the individual scalar

variations 6R 1, 5R2 , 6R 3 , 6R 1 , 6R 2 , 6R 3 , without regard to the source

of these variations.

3. INSTRUMENTAL ERRORS

a. General

Let the instrumental errors in range and range rate be represented

by

Rik = Wk +X (134)

6RIk = Yk + Z (135)

where Wk and Yk represent errors uncorrelated between stations, and

X and Z represent completely correlated (i.e. , bias) errors, common to

all three stations. The random variables Wky X, Yk' and Z may

reasonably be taken to have zero mean values.
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b. Position Error

For position error due to uncorrelated range error, substitution

of Equation(1 3 4 ) into Equation (124) yields

6RW = U23 csc i WI + ' 3 1 csc 2 W 2 + Ui2 csc 3 W3 (136)

and due to a common correlated range error

- ( z3 csc + csc + csc 3) (137)

The coefficient of X in Equation (137) has a geometric interpretation more

easily derived if the coefficient is expressed in the form resulting from

substitution of Equation (134) into Equation (I 18), yielding

6R 2  3 )( 3  )± 2) X (138)

Define a unit vector n by the equation

(u2 xa 3)+ (u3 x l1 )+ (u, x a2 )na =(39n (i 2 x + (3x i) (u x U2 ) sgn(I U2 a (3)

Consider the tetrahedron formed by the unit vectors Ui1 # a2 , and U3

emanating from the vehicle. The base of the tetrahedron is the plane

containing the tips of these vectors, and the altitude, h, is measured

from this base to the vehicle. Observe that (UI - a 2 ) and (aIl - U3 ) lie

in the plane of the base of the tetrahedron and that the vector product

(a I O2) x (CI - a 3 ), therefore, is normal to the plane of this base.

Now let a vector fi be defined by the vector product

(u (ix 1)-(i 1 x U)-(t 2 X a 1) + (U 2 x Z'3)

=(U 2 x 3 ) + k 3 x a) + (, x T (140)

= numerator of T

Note that U M~ ii i because vectors (U3 x U1 and Ut x -d2)

are orthogonal to Ti
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Designating the denominator of F in Equation (139) as d, and

noting that ?i = !/d, Equation (138) may be written as

x " - " X (141)
X =u*m u .n

Note from Equation (139) that the sign of n, and hence its direction,

does not depend on whether the stations are numbered in a clockwise or

counterclockwise direction. A reversal of the sense of station numbering

will reverse not only the sign of each term in the numerator but also the sign

of the triple scalar product in the denominator. It can be seen that n is

directed from the vertex to the base of the tetrahedron. The altitude,

h, of the tetrahedron is given by the projection of a side, i. e. , u1 on a

unit normal to the base of the tetrahedron, where this normal points from

the vertex to the base.

Therefore,

h = i n (142)

and Equation (141) may be written as

6R n X (143)
XT

c. Velocity error

Substitution of Equations (134) and (135) into Equation (130) yields

the following expressions for velocity error due to the instrumental errors

noted:

1. Due to uncorrelated range-rate error

6Vy = U23' csc 0 1 YI + -_U3 1 csc *2 Y2 + -- ,2 csc 43 Y3 (144)

2. Due to correlated range-rate error

6 V - Z (145)
z h

3. Due to uncorrelated range error

6 VW=- ' IWI+ W2+ IN3W3) (146)
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4. Due to correlated range error

6v X CB (I + S2 + f3) X (147)

where the B,'s are given by Equations (131), (13Z), and (133).

Equation (145) may be derived by noting that the term Z enters

into Equation (130) in exactly the same fashion that X enters into

Equation(124), so that the derivation of Equation (143) is analogous.

4. SURVEY ERRORS

a. General

Let P be a fixed and known point on the earth's surface,

let Pk be the assumed location of the kth tracking station, and let P be

the vehicle position as shown in Figure 3.

P

R k A

P k Sk Po

Figure 3. Survey Point Locations

From Figure 3, the following equation results.

R k = R Sk (148)

A variation in the station location results in a variation in Rk given by

6R = -6S k  (149)

Substitution of this result into Equation ((115) and division of both sides

by Rk yield

Rs = - Uk * 69k (150)
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To derive the analogous expression for range rate, we make use of

Equation (126) and note that, for a fixed trajectory, V will not vary with

variations in the station locations. Substituting Equations (149) and (150)

into Equation i(126), and letting 6V = 0, yields

6 [5Rksk 67k) - S k (151)

which may also be written as

k = RkL (V - u k Rk) '5Sk (152)

Note that the term V - uk k is the component of vehicle velocity normal

to the line of sight from the kth station, and division by Rk gives the

angular velocity of the line of sight.

Denoting this normal component of velocity as V.ik' Equation (152) can

be written

6Rks = -Rk V Ik Sk (153)

b. Position Error

Substitution of Equation (150) into Equation (124) yields, for

position error due to survey error

2R = -s cs U6~+ csc (u 6'

6R u 3 csc 0 12 2

+U12 *s 03 ( u3  6g3/1 (154)

c. Velocity Error

Substitution of Equations (150) and (153) into Equation (130)

yields for velocity error due to survey error

12-47



ESD-T0R43-354 APPENDIX XII
VOLUME 5 TRACKING SYSTEMS ERROR ANALYSIS

5VS 1 (51 "2 ( 12  . 5SW)+ 3 (7'3  '6"g3)

(155)
-u 3 s 2(V1 6s2) R R

-U12 csc *3 (V1 3  S3) R 3

where the Bk 's are given by Equations (131), (132), and (133).

5. STATISTICAL CONSIDERATIONS

a. General

The mean-square error in position and velocity is found by sum-

ming the mean-square errors resulting from each of the five error sources

considered, since the random variables are uncorrelated and have zero

means. The variational equations developed for position and velocity errors

are summarized in Table I.

Table I. Variational Equations - Position and Velocity Errors

Equation Number

Error Source Subscript Position Velocity

Instrumental

Range - uncorrelated between
stations W (136) (146)

Range - correlated between
stations X (143) (147)

Range rate - uncorrelated
between stations Y (144)

Range rate - correlated
between stations Z (145)

Survey S (154) (155)

12-48



ESD-TDR43-354 APPENDIX XIIVOLUME 5 TRACKING SYSTEMS ERROR ANALYSIS

To find the appropriate contributions to total mean-square

position and velocity errors, each of the equations in the table must be

squared and the mathematical expectation taken for each term.

Before performing the squaring and averaging operations, it

will be convenient to discuss the statistical assumptions concerning the

error sources and to derive some fundamental relations to be used sub-

sequently.

b. Instrumental Errors

The range error is given by

6Rlk = W k + X (134)

W k and X are both random variables. Wk represents errors peculiar

to each station, caused by such factors as receiver noise, equipment

phase shifts, etc. It is assumed that the W k's have zero means and are
uncorrelated between stations. It is further assumed that

2 (156)

X represents a bias common to the range measurements taken from all

three stations, resulting from such factors as a time delay in a beacon

shared by all three stations and by the uncertainty in the velocity of pro-
pagation. Although X may appear essentially constant throughout a given

flight phase, it must still be considered random on an a priori basis;

and it is reasonable to assume that it has a zero mean. We take its mean-

square value as

o- (X) = 0- (157)Rb

The range-rate error is given by

6 Ik = Yk + Z (135)

The interpretations are analogous to those of the range error; i.e. , both

are random variables with zero mean, the Yk's are uncorrelated between

stations, and

T (Y) (r 2 ) IT'(y ) = TR (158)

2 (Z) = ? (159)
Rb
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The physical interpretation of a range-rate bias error, Z, is not so

obvious as that of a common range bias. Certain propagation effects

can cause this type of error, although their functional form will be
more complex than that given by Equation (135). On physical grounds,

it is reasonable for most applications to set Z equal to zero.

c. Survey Error

We shall assume the station location errors 59 k to be mutually

uncorrelated with zero means, and

0- gs3) - (160)

Equation (160) may not hold true if, for example, one or two of the stations

are on ships while the others are on land. However, for planning purposes,

such an assumption is justified on the grounds of simplification.

Let the survey error at any station be represented by

6§ = ix + j3y + k~z (161)

in a local Cartesian coordinate system. When k is the direction of the

local vertical, it is entirely reasonable to set

0(6x) = (6y) (162)

while we expect to have

0(bz) < '(5x) (163)

considerable simplification results in the equations if we make the slightly

pessimistic assumption that

0(Sx) = (6y) = T(6z) (164)

Even in this case, 0- (6x) + ' 2(6y) will contribute two-thirds of the mean-

square displacement error, 0- ; thus from this point on, Equation (164)' S'

will be used.

In evaluating mean-square position and velocity errors resulting

from survey errors, we will have occasion to take expected values of terms

of the form E *(E 6-j) (th. 6Sk)j , where C and D are arbitrary vectors.

Since the errors are uncorrelated between stations, we have

E 6* 3k)l 0 for j -5 k (165)
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For the case when j = k, it is convenient to introduce a local Cartesian

coordinate system, in terms of which

65 = i6x + 36y + k5z

= ic I + jc 2  + kc3 (166)

d= d + jd + kd 3

where the subscript k's have been omitted in the expression for 65 as a

matter of convenience . From Equation (166) we have

E j~ S(. I E )(c1 x + C 2 by + c 3 53)

.(d I x + d 2 y + d 3 5z) (167)

Under the reasonable assumption that 6x, by, and 5z are

uncorrelated, Equation (167) can be written

E(. 6'9)(5. - & ,d)' - d 0+ c3 d T 2 (168)1x 22y 3 3rz (68

and making use of Equation (164), this reduces to

E 6- .D-5 (c, d, +cd, + cd 3 )r (169)

which can be recognized as

E 6 15) a- (170)

From Equations (161) and (164), and the above assumption, we have

2 2 2 2 2 (171)0-S  =- +cr + o- - 3c(71
S x y z x

Substituting Equation (171) into Equation (170), we have

E 69s)(5. - _ = I4(Z . 15) a- (172)

6. DERIVATION OF MEAN-SQUARE ERRORS

a. Position Error

The contribution due to a range error, uncorrelated between

stations, is obtained by squaring Equation (136) and taking the expectations

of the terms.
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Let

E SR (W) 2  (,2 (173)

Since the Wk's are uncorrelated, the expected values of all cross-product

terms are zero, and making use of Equation (156) we have

0W = csc 1 + csc 2 + csc 2  2)4 (174)

Performing the same operations on Equation (143) and making use of

Equation (157), we have (for a common range error)

2 h- 2  Y (175)
PX Rb

To find the effect of survey errors, the expectation of the quantity

6RS 6R S is found by making use of Equation (154). Note that, from

Equation (172)

5Sk =)2 S  (176)

Performing the indicated operation, we have

2  4 (csc 2 '1 + csc 'P2 + csc 2  3 (177)

Finally, the total mean-square position error is given by

o-2 = 2 + o-2 + .2 (178)
P PW PX PS

where the terms are given by Equations (174), (175), and (177).

b. Velocity Error

From Equations (146) and (156), we obtain

0-2 ( 2 + B) T 2 (179)VW 1 B + B2 +  3 R

From Equations (147) and (157),we find that

2 2 2 (180)

VX B ZRb
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where we have defined a new vector ,B,by the equation

= B B + 3 (181)

and it has been convenient to write

Z B. B = B z  
(182)

k k k

From Equations (144) and (158), we have

=2y =(csc 2 4' + csc2 + csc 2 c 3 ) o2  (183)

From Equations (145) and (159), we obtain

G2 = h- 2 0.b (184)VZ Rb

To obtain the survey contribution, Equation (155) must be squaredand

expectations taken of terms of the form E { (Uk• 6Sk)(Vlk. 6Sk).

From Equation (172), it is seen that this results in terms of the form

(Uk• VLk). However, we have seen that these vectors are orthogonal;
thus their dot product is zero. This means that although two terms con-

tribute to velocity error from a survey error at each of these stations,

these two contributions are uncorrelated in spite of the fact that they

arise from the same error.

We also make use of the fact that from Equation (172)

* 6'gk2 -z I V 2 a' 2(15
k k / T 1k s (185)

But since

2 2 *2
V =V I + Rk (186)

we can write Equation (185) in the form

Vk -b - (187)

Performing the squaring operation and taking the expectations in Equation

(155), and making use of Equations (176) and (187), yield
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VS i 2 3 Ri
VSz = T1 Bi +B2+ B 3 +  V-Rs1 €

2 2- 2 2
+ Z csc 2

R 2
2  2

+ Z C 3 S (188)
R 3

Finally, the total mean-square velocity error is given by

2 2 2 -2 -2 2wV V + °VX + VY + VZ + aVS (189)

where the terms are given by Equations (179), (180), (183), (184), and

(188).

7. NOTES ON THE GEOMETRICAL CONFIGURATION

Equations (174), (177), and (183) contain error coefficients of the form

(csc 2  + csc 2 + csc 2 )3). This term reaches a minimum value of

3 when

01 =  = )3 = 9 0  (190)

that is, when the three range vectors are orthogonal.

Equations (175) and (184) contain error coefficients of the form h- 2

Recalling that h is the height of the tetrahedron formed by the three

unit vectors u, U., and 13, it is seen that this error coefficient is

minimized when the three range vectors tend toward parallelism. This

requirement is incompatible with that of minimizing csc 41k above.

To gain some insight into the effect of geometry, consider a network

of ground stations laid out on an equilateral triangle with sides of length D,

and the vehicle equidistant from each station at an altitude H above the

plane formed by the three stations. In this case we can write

gPW = 
1 a'R (191)

S 1 I(19Z)

-PX =g 2 0Rb (193)
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TvY 
= g * (194)

SVZ 92 g (°r.b  (195)

where

gl= V csc (196)

and

g2 = h (197)

The factors g, and g2 are plotted in Figure 4 for the range of values

0. 1 :j H/D 1_ 10 (198)

I) STATIONS FORM AN EQUILATERAL22 -. - . - TRIANGLE, WITH SIDES OF LENGTH D
2) H=ALTITUDE OF VEHICLE

20 -- -

S16---

z

z -

20--

0

0.1 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10

H /D (DIMENSIONLESS)

Figure 4. Coefficients of g, and gZ Versus HID for a Vehicle

Equidistant From Three Tracking Stations

The remaining error coefficients (by means of which range errors and

survey errors contribute to a velocity error) do not lend themselves to

any simple geometrical interpretation.
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8. NOTES ON COMPUTATIONAL PROCEDURES

a. Graphical Solutions

For certain applications, when a range bias error can be neglected,

the position error can be written from Equations (174), (177), and (178)

as as2 
2 c c + c c~ +2c2

(pcsc 2  + csc + csc 2 
3 )( 2 + 0./3) (199)

The terms cscl k may be evaluated by graphical means, as follows. Con-

sider a three-station configuration as shown in Figures 5a and 5b with

the vehicle in the position shown. Figure 5a is a view looking down on

the network configuration while Figure 5b is a view from the side with

STATION 3

R 
3

~MISSILE

R

STATION 2'i MISIi

STATIONS 2 AND 3

"I STATIO I

S , b.re m. fr,ow th ide)

Figure 5. Three Station Configuration (R i , R 2 , R 3 )

the plane formed by line-of-sight ranges R 2 and R 3 forming an angle

with range R. This is not the angle I because the view is not from

a direction where the true length of R is shown. However, s, the per-

pendicular distance between station I and the plane formed by R 2 and R 3 ,

is shown with its true length in Figure 5b, in which case, if this can be

determined graphically, csc I  S
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Let

n = perpendicular distance between the baseline

of stations 2 and 3 and station I

r, perpendicular distance between the baseline

of stations 2 and 3 and the projection of the

missile on the plane formed by the three stations

z = height of the missile above the plane formed

by stations 1, 2, and 3

* = angle between the plane formed by ranges

R 2 and R 3 and the plane formed by stations

1, 2, and 3.

then

s n I sin a (200)

and

sin a Z (2-01)
(22+ r ) 2)

Therefore,

r 1/2 (202)
z 2+ r2)

and

R z 2+ r 21/2

csc~ 1  = n z 1 (203)

The same procedure is used in solving for csc 2 and csc 3. The geo-

metric coefficient in Equation (199) can consequently be represented by

22 2

(csc 20 + csc +2 + csc '4)3)

r 2 l

(1 + + R) R 3 2 + /

= . . " + (204)

n n 2  n 3
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Therefore, the method for using the graphical procedure is to lay out

the network on graph paper and measure n1 , n 2 , and n 3. Given a

missile trajectory, with respect to the network, the R's, r's, and z's

can be obtained for various points of the trajectory and substituted into

Equations (204) and (199) for use in the solution of the metric errors.

Note also that Equation (204) can be used to evaluate Equation (183),

which gives the vehicle velocity error resulting from an instrumental

range-rate error.

b. Numerical Solutions

For cases when the graphical solutions are not sufficient, a

fixed, right-handed Cartesian coordinate system must be introduced in

which all vectors can be expressed as linear combinations of the unit

vectors i, j, k defined by this system. The previously obtained

formulas provide the framework of an orderly procedure for performing

the specified vector operations in a step-by-step manner, or for pro-

gramming a computer. When the vectors are expressed in terms of

their i, j, k components, for example

Aia I 4- ja 2  + ka.

B ib jb + kb3  (203)

Cic I c2 + kc3
= c1 + jc2  [¢3

we have

B a+ b 1)+ j(a 2 + b 2 )+ 1 (a 3  b3) (206)

2 2 2 2 (f7)
A a 1 + a 2 + a3

A . B b + ab2 b+ a3b 3  (208)

x a I a 2 a3 (209)
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a 1  a 2  a 3

A BxC = (A B C) b b b (21)i b2 b3(10

cI C 2 C31i  c2 c3

c. Pertinent Equations for Reference

" Position Error

2 2 °2 o2
p = pw +  PX +  PS (178)

02 = sc2 + csc2  + csc 3 T 2 (174)PW =  (C 1 3 R

02
2 = Rb (175)

h 2

2S= (cs 2 i + csc c 2 + csc 4 3)T- 3 - (177)

" Velocity Error

Neglecting a correlated bias in the instrunental

range-rate error

2 (r2 2 +2 + 2
v VW + "VX +  VY + V (189)

2 (2 2 2) 2 (179)VW B + 2  3 R3

T-
2  B 2 T2 (80vx Rb(180)

y2 cs 2 + csc 2 + csc 2 0 (183)
vy= (cc2 4-cc4 3 ) o

2 -2

T B + B 2 + B csc
Vs ~ 1 2 3Rz

2 2
V-R 2

+ csc (2

-R2
V 2- i 23Z 2

+ csc z - (188)
R3
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where the mean-square values of the error sources are:

2
a'R2'from an uncorrelated range measurement error

U,2 from a range measurement error common to all
Rb

stations

02 from a survey error in the station location

2O-. from an uncorrelated range-rate measurement error;

and the terms in the error coefficients are:

R, R , R 3 , ranges from stations 1, 2, 3 to the vehicle

kip A 2) k 3, range rates at stations 1, 2, 3

V, absolute value of the vehicle's velocity

and the B vectors are as defined below:

.u 2 3 csc - V . 2 3 csc
B = aU2 3 csc 1 + u 3 1 csc 2 R

V n 23 csc (131)
+u 1 2 csc3 R 3

V* u 3 1 csc ?2 a 31 csc - R2
B2 = U23 csc 1 R + U31 csc 22

V • u 3 1 csc 2(132)

3

V 1 2  csc 4 3  12 csc 3
B3 = u 2 3 csc I R +31 csc 02

-1 R2

+12 csc 3  R 1 2 sc 3 -R 3  (133)

B = BI + B2 + B (181)
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where

u1 2 is a unit vector normal to the plane formed by R 1 and R 2u23 is a unit vector normal to the plane formed by R 2 and R 3

u31 is a unit vector normal to the plane formed by R 3 and R 1

and the sense is positive upwards and away from the opposite station.

In terms of the unit vectors u,, u, and u3 lying along the corresponding

range vectors and directed from the stations to the vehicle

u 2 x u 3

"23 csc 1 
2 -

3(Ti1 "2 u3 )

i3 x ui
u31 csc 2  (211)

"u 2 u 3 )

1 1i 1 x u 2

u 1 2 csc 
3 X

(" "2 "3)

which may be used to evaluate the B vectors.

We also have, in the same terms 2

csc L . .

2 (a I a 2 3)__

c s c . . . .( 2 1 2 )

csc %3  1
71 u3)

L x(r2x3) + (U3 u ) + (iTlxI2 (213)
hw may be uai 3)

which may be used to evaluate the remaining terms in the error coefficients.
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Appendix XIII. THE SHIFT OF TELEMETRY FROM VHF TO UHF

t. INTRODUCTION

The allocation of the frequency band from 216 to 260 mc for telemetry

purposes will expire on i January 1970 as stated by a joint DOD/IRAC

directive. At that time, two new frequency bands are to be used for

telemetry:

* 1435 to 1535 mc (1435 to 1485 inclusive is

reserved for tests on manned aircraft)

* 2200 to 2300 mc.

The transition will be effected by 1970. The Department of Defense

and the Inter-Range Instrumentation Group (IRIG) have assigned the

responsibility for new and revised telemetry standards to the Telemetry

Working Group (TWG). This appendix will discuss the advantages and

disadvantages of the telemetry frequency change and its effect on future

range instrumentation planning.

2. CONSIDERATION OF SYSTEMS COMPONENTS

a. Modulation Standards

The IRIG Document No. 106-60, Parts 2 through 5 (Reference 1)

lists the modulation standards for telemetry systems as follows:

Part 2. FM/FM or FM/PM standard, including

subcarrier frequencies, deviation ratios, frequency

response, correction for zero drift and sensitivity,

commutation rates, and calibration requirements.

Part 3. PDM/FM or PDM/PM or PDM/FM/FM

standard, including frame rate and number of

samples per frame with tolerances, subcarrier

channels and pulse shape tolerances.

Part 4. PAM/FM or PAM/PM standard, to be

added later.
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Part 5. PCM standards, including bit rate versus

receiver IF bandwidth, bit rate stability, word and

frame structure, synchronization, commutation,

premodulation filtering, and RF carrier modulation.

The telemetry radio frequency shift will not directly affect the choice

of the modulation technique, as long as the required carrier-to-thermal

noise ratio is provided by the radio system. The selection of a type of

modulation is rather dictated by the amount of information per unit band-

width to be transmitted during a particular mission, by the accuracy

requirement of the data, and by the allowable system complexity.

Reference 2 gives a theoretical efficiency comparison of several

communication systems based on a figure of merit defined as the ratio of

energy required per bit transmitted to a given noise spectral density..

Orthogonal systems have been theoretically shown to consistently require

less power to transmit at a given information rate than other systems, and

closely approach Shannon's theoretical limit. The fact that orthogonal

systems are basically of digital form may be a limiting factor in space

application due to increased equipment complexity. FM systems with a

phase-lock loop are next in efficiency, followed by FM systems with pulse

counting discriminators and conventional FM. The efficiency difference

between these latter systems increases rapidly with increasing information

rates.

b. Satellite Transmitter

The development of CW transmitters for the new telemetry

bands should not present unsolvable difficulties. Today, experimental

units are available delivering approximately 2 to 2. 5 watts minimum. The

following table compares four important parameters for space applications

for TWT and solid-state transmitters:

There is also an 80 to 100 watt, 2. 2-gc amplifier being developed with
expected efficiency of 23 percent; however, it will weigh about 15 pounds
including power supply.
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TWT Solid-State

CW output power 2 to 10 watts 2 to 2. 5 watts

Efficiency 20 percent 10 percent

Weight, including
driver and power 48 ounces 32 ounces
converter for TWT

Predicted life 20, 000 hours undetermined, but
high

The TWT transmitter is presently capable of delivering more power

with better efficiency, but at the expense of some extra weight. For

special applications, such as transmission with brief and frequent duty

cycles, the solid-state transmitter is preferable.

With regard to system design, the frequency shift to 2 gc is

advantageous, since the minimum CW breakdown electrical field (being

approximately proportional to frequency) is almost 10 times higher. This

eliminates the requirement of running the transmitter temporarily at

reduced power, especially during launch, and helps to solve the problem

of flame attenuation. (See Section 3. b.)

c. Antennas

i. Ground

The antenna problem must be considered in connection with

the free-space propagation characteristics. The gain of a parabolic

antenna is

G(db) = - 52. 6 + 20 log frequency (mc) + 20 log diameter (ft)

and the free-space loss is

Lfs : 37 + 20 log frequency (mc) + 20 log distance (mi)

The combined characteristic of antenna and free space is then

G - Lfs - 89 + 20 log diameter (ft - 20 log distance) kni)
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and is independent of frequency. According to Reference 3, most missile

sites are already equipped with UHF antennas, while the satellite UHF

antenna, either omnidirectional or high gain, will require some develop-

ment time.

Of some significance is the fact that the Fresnel zone

clearance for the ground antenna is less for UHF than for VHF, which

results in lower towers. This can be important if the ground antenna is

removed from the launch site to overcome the flame attenuation problem.

2. Airborne

A primary requirement of a missile or space vehicle telemetry

system is to communicate comprehensive information concerning vehicle

and on-board systems performance to the ground range stations. It is

vitally important that this information be communicated when a malfunction

occurs, to permit appropriate evaluation and the necessary corrective

action. Since many malfunctions result in marked departure of the vehicle

from nominal trajectories and, in the case of boost vehicles, require

command destruct action, it is highly desirable that the on-board telemetry

antenna system provide spherical coverage.

Attitude -independent telemetry links have been approached

in the lower bands where the vehicle is incorporated in the antenna system

design to provide nearly isotropic radiation coverage.

A close approximation to uniform 4-n steradian coverage is

sometimes feasible if vehicle dimensions are small in comparison to the

wavelength of the telemetry transmitter frequency, e. g., under one wave-

length. This is especially true if no particular requirement is placed on

spacecraft antenna polarization, i. e., if polarization may vary with

pattern angle.

However, if the spacecraft is large, e. g., a few wavelengths

or greater, then isotropic coverage presents a very difficult design

problem.

Several approaches have been sought to obtain spherical

coverage arrays in the UHF bands, and the results indicate rather complex

13-4



ESD-TDR43-354 APPENDIX XIII
VOLUME 5 THE SHIFT OF TELEMETRY

FROM VHF TO UHF

configurations. One type that most closely approaches spherical coverage

and has received much attention is the circular array which makes up a

band around the vehicle (Figure 1). The elements of the array can be

horns, cavity-backed slots, or dipoles. In any case, a single transmitter

feeds all elements simaltaneously. The elements can be fed in two

different ways.

First, all the elements can be fed in-phase. In this case,

the radiation pattern is doughnut-shaped with nulls along the axes. The

in-phase signals are obtained by power dividers. The power dividers

are difficult to implement, however, since a large number of antenna

elements are required to keep the ripple in the pattern to allowable values.

The number of elements required, is, of course, dependent on vehicle

size. For very large vehicles such as the Saturn C-5, 200 to 300 elements

would be required.

Second, the elements can be fed in-phase rotation so as to

obtain a total phase shift around the array of 2-1T radians. This produces

a bidirectional, fan-shaped beam which rotates around the array at the

frequency of the RF energy. Spherical coverage is thus obtained. Again,

it is difficult to implement the power divider and phase-shift structure

necessary to obtain the desired signals for driving the individual elements.

HORNS (COULD ALSO

SLOTS 04 DIPOLES)

Figure 1. Spherical Coverage Antenna Array
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Other approaches to obtaining spherical coverage have been

made; however, most exhibit undesirable polarization, phase, and

amplitude characteristics.

It may be concluded that the shift from the present VHF

band to UHF (S-band) introduces significant antenna problems in the

vehicle and the applications and requirements for each vehicle and mission

must be studied to determine the tradeoffs that can be made. To obtain

nearly spherical coverage on a large vehicle at S-band may require a

prohibitively complex array. (The circular array would be categorized

as impractical for a large vehicle.)

d. Summary

Table I compares basic system parameters of the present and

future system standards. Except for better stability and different band-

width assignments, the standards are equal. Therefore, no difficulties

are expected.

In regard to component development, the satellite antenna and

transmitter will require most of the efforts. While the antenna configura-

tion must be matched to the space vehicle and must simultaneously meet

the required system characteristics, the transmitter design must oe

carried from the experimental model to the final hardware which will meet

systems and environmental specifications.

Looking at the systems performance, the new telemetry systems

should and will be able to perform better. Besides slightly improved

propagation characteristics and lower receiver noise temperature, a

significant gain increase in the system is to be expected from the ground

antenna. While the maximum gain of contemporary 260-mc antennas is

35 db, 60-db gain is practical at 2 gc. This is still 7 db more gain than

required to compensate the increased path loss of 18 db. The more

precise antenna steering performance should be obtainable with today's

techniques. The new frequency bands will allow more IF bandwidth, which

will be important for low orbit missions, while for deep-space probes,

available weight-limited equipment does not allow the utilization of the

wider bandwidth.
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Table I. Comparison of Basic System Parameters of Present and
Future Telemetry System Standards. (Reference 4)

Present Frequency Future Frequency
Parameter Band Band

Transmitter frequency tolerance 0. 01 percent 0. 005 percent

Transmitter power Less than 100 watts Dictated by intended
use

Spurious and harmonic db below the carrier = 55 + 10 log 1 0 Pt
emis sion

Pt = measured power output in watts

Spurious, harmonics and funda-
mental signals radiated from Per MIL-I-26600
equipment, cables and power
leads

Receiver stability 0. 005 percent 0. 00 1 percent

Spurious response More than 60 db below fundamental
frequency

Spurious emission Per MIL-I-26600

Bandwidth Optimized for maximum information
transfer per given bandwidth

Bandwidth guideline

For ±125 kc deviation, 600 kc I mc
BW (60 db)

For *1. 4 mc deviation, I0 mc
BW (60 db)

For PCM, BW (3 db) 1. 5 times
bit rate

BW (60 db) 3. 6 times
bit rate
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3. GENERAL SYSTEMS ASPECTS

a. Propagation

Both the new and present telemetry RF frequencies are located

close to the geometric mean of the so-called space frequency window,

which reaches from 10 mc to about 10 gc. Therefore, the propagation

characteristics will not vary appreciably between 260 mc and 2. 2 gc;

if so, a very slight improvement at 1. 5 and 2. 2 gc will result. In

addition, as described in detail in Reference 5, propagation losses at

1. 5 or 2. 2 gc are not noticeably increased by either uncondensed water

vapor, molecular oxygen, ionospheric absorption, precipitation or

auroral absorption.

Angle errors due to refraction can be 2 mrad for low elevation

angles of approximately 5 deg.

Faraday rotation, if linear polarization is used, can cause

20-db attenuation between 1. 6 and 3. 1 gc. This difficulty can be

avoided by circular polarization at the expense of 3-db loss, or by

polarization diversity reception.

b. Launch Problems

During the powered flight of the missile, three phenomena affect

the reception of telemetry signals:

Flame attenuation

Pressure shock wave during staging

Antenna ionization.

Signal attenuation of as much as 20 db has been obserred when

the RF signal passes through the rocket exhaust. The signal fades

gradually over several seconds while the noise increases. The effect

is most pronounced at receiving stations near the launch site, but also

depends on the location of the satellite antenna. Consequently, there

are two remedies for this problem:

The satellite antenna should be located as

far away as possible from the exhaust.
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For ground reception, a medium-gain antenna

may be used near the launch site and a high-gain

antenna downrange to insure a clear propagation

path undisturbed by the rocket exhaust.

During the separation of the first and second stage, a shock

wave that reflects RF waves is created around the missile. This results

in varying signal attenuation, depending on signal strength and phase of

the direct and reflected wave. The effect is equivalent to amplitude

modulation (100 percent) which can confuse the automatic tracking

equipment. Unfortunately, the effect is nonfrequency sensitive and has

been observed with optical equipment as well. Therefore, the RF

frequency shift will have no bearing on this case.

A gas subjected to RF electric fields will break down more

easily with decreasing pressure. At a critical altitude, an antenna glow

discharge can occur resulting in excessive RF power dissipation, high

VSWR, and change in antenna impedance and antenna radiation pattern.

Reference 6 shows that the minimum CW breakdown electrical field is

approximately proportional to frequency. Therefore, the new RF

telemetry frequencies will allow more RF power before breakdown.

However, the antenna dimension may be smaller, so that the power

advantage can be reduced again. The problem is not too critical and can

be remedied by diversity reception, since the fading at different stations

has been observed to be noncoherent.

c. Reentry Problem

The problem of reliable telemetry and communication during

the reentry phase of a space flight has not been solved satisfactorily.

The plasma sheath which forms around the space vehicle during reentry

possesses a refraction index which depends on frequency. The resulting

attenuation and phase-shift characteristics as functions of frequency are

shown in Figures 3 and 4 of Reference 7. Other than use of super high

frequencies (SHF), the solutions to the reentry attenuation problem which

have been proposed involve either:

The suppression of the plasma sheath by

recombination methods or cooling.
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The use of the sheath to enhance propagation

by electric and magnetic interaction.

No practical results are available at present.

Summarizing, the shift of the telemetry frequency to 2. 2 gc

will not assist in solving the reentry problem.

Reference 8 describes a 9-gc telemetry experimental system.

Reference 9 reports the performance of a 5, 000-mc telemetry system on
a Polaris missile. For its particular shape and reentry characteristics,
a signal fadeout of 8 to 12 db is reported for a duration of 4 sec, while VHF

telemetry was lost for about 15 sec.
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Appendix XIV. TECHNIQUES AND TRENDS IN AEROSPACE TELEMETRY

A. INTRODUCTION

When studying the trends in contemporary telemetry systems and

speculating about developments that may be expected, it is clear that

certain requirements will continue to be of primary importance.

a Very large capacities for data transmission

* Great spectral efficiency, to minimize inter-

ference between simultaneous operations on

limited bandwidths

0 Efficient management and utilization of large

facilities that already exist or are being built

* Greater consideration of the requirements for

acquisition and processing systems when

defining the parameters of vehicle telemetry

(This includes consideration of ground extrac-

tion and distribution, time correlation, real-

time requirements, and joint telemetry-tracking -

command requirements.)

0 Discriminating between the requirements of the
"work horse" facilities which provide most of

the general range support, and the specialized

facilities which provide service to particular

programs or special program phases (For

example, telemetry for deep-space vehicles,

operational satellite programs, or tactical

weapons systems requires a considerable degree

of freedom from range telemetry standards

because these missions require that the telemetry

be optimized with regard to specialized parameters.)
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B. SOME TELEMETRY SYSTEMS FOR LARGE VEHICLES

Because of their historical development and standardization, their

general adequacy for many requirements, and the evolutionary con-

straints that demanded their compatibility with existing ground stations,

FM/FM, PCM/FM, PAM/FM, and PDM/FM are the "bread-and-butter"

telemetry systems of today. An extensive evaluation of these systems

and their probable adequacy for the post-1960 period was begun in 1957

by Aeronutronic Division of Ford Motor Company for the United States

Army. This comprehensive study (Reference 1) lasted for several

years. It included both experimental and analytical evaluations. Missile

program requirements were of primary significance, and consideration

was given (1) to the use of both the existing VHF and the new UHF spec-

trums, (2) to minimizing interference, (3) to the role of standardized

and unified ground stations, and (4) to the configuration which might

characterize a desirable new standard system.

Reports from the first phase of that study included the results of a "user"

requirements" survey. Some germane findings included:

* The indicated capacity required for an

average missile telemetry system was

75kbits/sec. Acapacityof 200kbits/sec

was indicated as necessary to handle

75 percent of contemporary missile test

programs.

" Rates of the order of 1000 kbits/sec and

approximately 400 data channels were

required by test programs of some large

missiles.

* The combination of needing many channels

per test, and needing wide ranges in

requisite channel bandwidth and accuracy

showed the need for flexibility in telem-

etry configurations.
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Since that study, developments have been in the directions the report

predicted. Two activities of interest are the incorporation of special

multiplexers to handle abundant wideband vibration data for larger stages,

and the demands of some programs for a large number of RF links to

provide the required number of channels.

Centaur vehicle telemetry used two PAM/FM/FM systems (500 kc and

100 kc) plus incidental PCM telemetry integrated with tracking augmenta-

tion requirements (Reference 2). Additional telemetry was used for

the Atlas booster and payload stages.

On early Saturn vehicles, as many as 1100 measurements were required

for SA-5, including as many as 125 vibration channels, and data from a

number of digital sources (Reference 3). The system devised for some

of these vehicles combines PCM/FM (for high-accuracy data, data

originating digitally, and data used in prelaunch monitoring and checkout),

PAM/FM/FM (for functions requiring less than 1000 cps in bandwidth and

poorer than I percent accuracy), and SS/FM (for vibration data).

The S-I stage telemetry (for SA-5) has 4 PAM/FM/FM links (with IRIG

FM/FM on some carriers, plus commutation and subcommutation which

includes a nonstandard 70-kc ±30 percent subcarrier). Two SS/FM

systems each provide a capability equivalent to 15 channels from

30 to 3000 cps.

The Douglas S-IV stage adds three PDM/FM/FM systems, each of which

provides two commutated subcarriers, plus fifteen continuous subcarriers.

An instrumentation unit (above the S-IV stage) adds 4 more systems:

2 systems each contain 15 continuous subcarriers and 2 sub-

carriers submultiplexed with FM/FM (channels 2 and 6 on top of

channels 14 and 17); one SS/FM system provides 10 vibration channels;

one PCM/FM system provides variable word length (5 to 1I bits/word) and

variable bit rate (N x 3.6 kbits/sec, up to 180 kbits/sec).

These brief examples illustrate several points:

0 Systems of very large capacity are in

use today.
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* The common modulation and multiplexing

techniques evaluated by Aeronutronic are

seeing heavy current use, and some opera-

tions involve many simultaneous VHF

carriers.

* Spectrum and data-handling loads are

being further burdened by the incorporation

of nonstandard techniques to meet special

requirements.

* Some programs are beginning to employ

other factors which enter into systems

requirements consideration, such as

adaptive system parameters (variable

word length, variable rate, different power

levels), and integration of flight telemetry

with other activities or systems (static and

dynamic testing, monitor - chec, out- flight

test, tracking augmentation, range safety

and other real-time users).

Several conclusions were drawn from the Aeronutronic study with

reference to optimizing employment of the enumerated standard systems

(References 1, 4). Noteworthy items include:

* System bandwidth equal to the bit rate (plus

some margin for system drifts and mistunings)

was recommended for NRZ PCM/FM and it

was pointed out that additional bandwidth is

not advantageous and requires greater power

to maintain threshold performance against

random noise.

" PCM/FM systems should employ pre-

modulation filtering (video bandwidth equal

to one-half the bit-rate) to provide spectrum

conservation.

14-4



ESD-TDR-63-354 APPENDIX XIV
VOLUME 5 TECHNIQUES AND TRENDS IN

AEROSPACE TELEMETRY

* It was recommended that FM/FM employ

an RMS carrier deviation of 40 to 60 kc and

a ieceiver bandwidth of 300 kc (for IRIG

subcarriers through 70 kc).

" For PAM/FM systems providing I to 3

percent accuracy, an optimum receiver

bandwidth was determined to be five times

the sample rate, and premodulation filtering

with bandwidth equal to one-half the receiver

bandwidth was recommended.

Comparative evaluations among the systems emphasized requisite receiver

signal/noise ratios, receiver bandwidth/bit rate ratios, and resulting

error rates. It was concluded that PCM generally had an inherent require-

ment for greater bandwidth than PAM, but that PCM/FM offered the best

performance, in terms of both spectrum occupancy and power consumption,

when accuracies exceeding I percent were required. PAM/FM was

adjudged the better choice if lesser accuracies were acceptable. While

these observations offer guides to more efficient application of the basic

systems, previous observations point out the need for more sophisticated

approaches to satisfying total needs for large multistage vehicles.

The Aeronutronic survey of user requirements for missile telemetry

indicated a general mix of high-frequency/low-accuracy channels and

low-frequency/high-accuracy channels; so, considering the aforementioned

system characteristics, the study recommended a hybrid telemetry

system (PACM/FM) combining PAM and PCM as a desirable new standard

system. Evaluation of PACM/FMI system hardware is in process, and

the results should provide a good guide to the degree of application which

the system warrants. However, the attractiveness of the philosophy

makes it a strong enough contender to warrant further description.

PACM/FM, as proposed by Aeronutronic, (References 1, 4, 5) permits

the intermixing of analog data samples (PAM) and digital data samples

synchronously in a single, serial data stream. The basic concept involves
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a highly modularized construction that allows a particular configuration

to be assembled with parameters optimized to particular needs. Yet,

the all-time-multiplexed nature of the system and certain design constraints

should make possible ground stations which are sufficiently versatile to

accommodate the various airborne permutations. In an extreme case,

the system could be all PAM or all PCM, with airborne complexity

comparable to existing systems of those types. In the full hybrid mode,

this complexity has been compared to that of multiple-accuracy PCM.

Advantages of this approach to handling the missile instrumentation

requirement are given in Reference 5. They include:

* The use of PAM for low- and moderate-

accuracy data, and of PCM for high-

precision or naturally- digital data

permits a reduction in requisite

transmitter power (as compared to

meeting both data requirements with

a single modulation).

* Placing the mixed data load on a single

carrier permits considerably better

spectral utilization than does the number

of independent carriers required to satisfy

very high capacity missions with nonhybrid

techniques.

Some basic constraints used in a preliminary design (Reference 4) include:

4 Receiver bandwidth and transmitter power

remain fixed during PAM and PCM portions.

* If some basic bit period Tc is defined, then

PCM word length = N -Tc (N = number of bits

per word, and includes one parity bit in out-

lined system); M T r PAM sample duration;

and N/ = k, where N, M, and k are integers.

If required, the PCM word length is expanded
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above basic system requirements to provide

these integer relationships, which are made

to simplify logic and circuit design. (Table I

summarizes the relations among some

parameters. )

* The basic sampling rate (frame rate) is

selected to satisfy midrange requirements,

and extremes are accommodated by sub-

commutation and super commutation.

" The frame length is an integer multiple of

both PAM samples and PCM words.

* Full-scale PAM amplitude is equal to maximum

PCM bit amplitude.

* NRZ PCM and 100-percent duty cycle PAM are

used.

Some values presented (Reference 4) for "typical" PACM vehicleborne

data converters are shown in Table I.

Figure 1 shows the S/N ratio required for various data accuracies (RMS

error) as a function of normalized bandwidth (receiver bandwidth B/sample

rate fs). PCM/FM values depict the effects of various receiver band-

width/bit-rate ratios (1"c = 1/B, 2/B, 3/B is equivalent to B fB) 2 fB9

3 fB) and of various word lengths (all include one parity bit).

Figure 2 is a simpler plot which assumes Tc = 1/B (i. e., B = fB), and

illustrates the effects of incorporating a parity bit in the PCM words.

SS/FM has been mentioned (in References 3, 6, and 7) as one alternative

to PAM/FM or FM/FM for handling abundant vibration data (or other

requirements for many wideband channels). This single-sideband

frequency modulation (SS/FM) technique translates many baseband slots

up into nearly contiguous slots by SSB techniques and then frequency-

modulates the carrier with that composite. In a particular system,

15 3-kc channels (actually 50 to 3000 cps) are translated into successive
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Table 1. Some PACM Parameters

Bit RZAt 8 to 800 kbits/sec

PAM Sample Duration 2, 3, or 4 bits

PCM Word Length 6, 9, or 12 bits

Number of PAM Prime Channels 126: (3 x PCM prime channels)

Number of PCM Prime Channels Up to 21 (including frame sync)

Frame Length Equivalent to 126 PAM samples

Power Consumption At 400 or 800 kbits/sec - 45 w
(excluding power supplies) At 250 kbits/sec, or less - 30 w

Weight 15. 1 lb

Volume 0. 18 cu ft

Tc Basic bit period

f B Bit rate = bit/sec
Tc

M Number of bit intervals per PAM sample

Ta PAM sample duration and

M T (M - integer)

N Number bits per PCM word (including parity)

NTc PCM word or sample duration

fs Sample rate,

I
- for PCM sairplh., ,nid

NT c

I I
- - for PAM samples

M Trc rA

B Receiver bandwidth
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Aeronutronic Division, FMC
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4. 74 kc-wide channels, and a pilot tone is added at 75. 83 kc for AGC

and frequency reference (Reference 3). This provides a data bandwidth

of (15) (2950) = 44. 25 kc in about the same spectrum that would be required

to provide a 4. 53 kc data bandwidth (D. R. =5) or 22. 67 kc (D. R. =i) w¢ith the

standard IRIG FM/FM system. Also, the SS-FM channels constitute

channels of identical bandwidth, while the IRIG channels provide radically

different bandwidths (but permit uniform signal-noise ratios). This SSB

multiplex is equivalent to the method commonly employed to stack 3 kc

voice channels for telephone systems; however, voice traffic is not

sensitive to phase and amplitude distortion. Reference 3 cites the

highly efficient bandwidth utilization and poor phase response and ampli-

tude accuracy of SSB multiplex as compared to other systems. While

the basic RF transmission is IRIG-compatible, the ground data separation

obviously requires specialized equipment. Thus, SS-FM offers an adequate

means of handling difficult data now. However, alternative means, such

as PAM/FM, PACM/FM, or an extension of contemporary FM/FM,

might represent considerably better solutions for widv-:pread,

standardized use at general-purpose ranges.

Rorex and Frost (Reference 7) have described a hybrid system which

accommodates wideband analog data and low-frequency high-accuracy

digital data by frequency-division multiplexing. PCM data at a moderate

bit rate (20 to 40 kbits/sec) receives premodulation filtering and occupies

the lower portion of the baseband, and the SS subcarriers are translated

to the upper portion. The composite signal for a particular PCM-SS/FM

configuration being considered comprises 25. 2 kbit/sec PCM and 10

single-sideband channels of 3-kc data bandwidth each. This composite

baseband is 75 kc wide and uses an IRIG FM/FM RF spectrum. Reference

7 notes that such a hybrid is easily separated at the ground station, and

that the two ground stations can be identical to those used for the same

signals on separate carriers. Further, no synchronization between the

two systems (PCM and SS) is necessary.

This system merits comparison with PACM/FM if a new standard system

is to be derived. While current tests of PACM prototypes and of actual

SS/FM systems will help to evaluate those modulation techniques,
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preference for a particular hybrid as a standard system will be strongly

dependent upon the anticipated mission requirements. The utility of

SS/-'M for vibration data acquisition will give impetus to its general use

for booster stages and larger missiles, and the adaptability of time-

multiplexed systems will make PACM attractive for complex missions

involving considerable, multistage instrumentation of diverse bandwidth

and accuracy requirements.

C. DEEP-SPACE TELEMETRY

Emphasis to this point has been on systems for handling the suborbital

(and some earth-orbital) missions which represent the bulk of the loading

on the general test facilities. These missions are characterized by

requirements for (i) considerable capacity, and the possible requirement

for manyRFlinks, (2) generally adequate S/N ratios for effective use of

FM carrier modulation, (3) necessity for wideband analog data of low or

moderate accuracy, (4) various needs for integrating telemetry with other

mission activities, and (5) a strong motivation for being compatible with

some existing data acquisition and processing facilities.

Telemetric systems involving planetary and extra-orbital ranges present

some considerably different considerations. Limitations imposed by

power availability, transmission attenuations, antenna characteristics,

noise levels, flight durations, and the data requirements of these missions

all combine to emphasize the efficiency with which the communication

system enables information transfer. Also these considerations deempha-

size, to some degree, interprogram compatibility, total spectrum

utilization, and the means for handling some input types (such as vibration

data).

Some of the relationships among pertinent parameters are illustrated

in Figures 3, 4, and 5. Figare 3 (from Reference 8) illustrates the de-

gradation in S/N ratio which results from increased free-space propaga-

tion loss with vast ranges. The particular values depicted show that,

even with very large antenna systems, severe restrictions on attainable

bandwidth and S/N ratio preclude useful information rates at these ranges
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Figure 5. Required Life Versus Mission (From Riddle, Reference 9)

with high-threshold modulation-detection systems. Figure 4 (Reference 8)

indicates information rates associated with some conceivable payload

and antenna configurations, and also notes the ranges associated with

some particular deep-space missions. Some of these missions reappear

in Figure 5 (Reference 9), and the required mission lifetimes presented

there suggest the importance of power consumption and mean-times-to-

failure considerations for suL h harr,'ware ,.s telemetry components

associated with these vehicles.

Many comparative evaluations have been made of modulation and

demodulation techniques. Analytical studies of techniques for VHF and

UHF transmission over interplanetary ranges have indicated the attractive-

ness of coherent PCM techniques because of existing conditions on

requisite bandwidth, available power, hardware limitations, and trans-

mission and environmental noise conditions. A simple comparison of

several digital modulation techniques is presented in Figure 0 (Reference 10).
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Figure 6. Pc Versus S. /N. for Various PCM Modulations,C1 1

(From C. S. Weaver, Reference 10)

It may be observed that considerable improvement in error rate (for a

particular S/N ratio) is obtainable if digital phase modulation and various

coherent detectors are employed. Various PCM/PM telemetry systems,

such as the "Telebit" system (Reference 8), have found favor for applica-

tions requiring the highly efficient communication necessitated by deep-

space ranges. Sanders has presented the capabilities of various systems

in terms of necessary received energy per transferred information bit to

permit some specified probability of bit error, given some average

power limitation and white Gaussian noise of some power density (Reference

11). His presentation indicates the theoretical advantage enjoyed by

orthogonally coded, phase-coherent operation when it is desired to

minimize that energy/bit requirement. Sanders (Figure 7) shows the

lower limit for this energy/bit (P) measure which is provided by the
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Shannon description of such channels, and indicates that redundantly-

coded systems such as Digilock (Reference 11) (employing Reed-Muller

coding) permit nearer theoretical approaches to this limit. Figure 8

presents Sanders' calculations of the P required to permit a probability

of error less than 10 - 6 with various transmission techniques for various

input signal resolution.

Viterbi (Reference 12) and others have also examined redundant codirg

techniques for telemetric applications, and have pointed out some

advantages of orthogonal and biorthogonal code sets for use in reducing

error probability at the expense of increased bandwidth. Viterbi shows

that in the limit, as the number of bits per code word and the bandwidth

approach infinity, the error probability approaches zero, provided that

the ratio of received signal energy per bit to noise power per unit band-

width exceeds ln 2
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These more sophisticated techniques are of particular interest in mis-

sions (and mission phases) where transmission range requirements,

power limitations, antennas, and receiving systems combine to require

maximum transmission and detection efficiency. Systems of this sort

will find continuing use for deep-space missions. Greater tolerance to

transmission inefficiency, the hardware complexity of some sophisticated

systems, the spectral occupancy required for large-capacity, high-rate

systems, and the lack of compatibility with existing facilities at major

ranges make these techniques inappropriate for suborbital and most

earth-orbital missions.
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Appeudix XV. USE OF TELEMETRY FOR RANGE SAFETY

In Section III, in which the range safety system is outlined, it is

specified that more use should be made of dala telemetered from the

vehicle under test in reaching the range safety decisions. In this

appendix, an example of this concept is examined in detail.

The range safety purposes for which telemetry data can be utilized to

advantage include:

" Anticipation of impending failures

" Confirmation of proper or erratic behavior

• Comparisons of confidence in various range safety inputs

" Combination of telemetry and tracking data to arrive at a best

estimate of nstantaneous impact point (lIP)

" Bridging tracking data dropouts with telemetry data

" Primary source of range safety information.

Arguments against the exhaustive use of telemetry data for range safety

include:

* High system complexity and cost

" Possibility of incorrect evaluation of data by relatively

inexperienced range personnel

" Coordination problems in providing range with telemetry

calibrations, formats, and missile subsystem flight

tolerance limits

* Complex equipment setup required for each flight

* Flight system simulation programs might be needed by the

range.

15-1



ESD-TDR-63-354 APPENDIX XV
VOLUME 5 USE OF TELEMETRY FOR RANGE SAFETY

Telemetry data can provide input to the range safety calculations in any

one or a combination of the following modes:

" Coarse azimuth and elevation information from telemetry

tracking antennas

" Continuous azimuth and elevation from CW tracking systems

(COTAR)

" Flight component performance and status information

" Flight subsystem performance and status information

" Flight computer position and velocity outputs

* Position and velocity information computed by a simulated

flight computer, using telemetry inputs.

Figure i illustrates a range safety system which could make maximum

use of the above-mentioned information in addition to the usual external

data, and in which the final safe/unsafe decision is still the range safety

officer's decision. The inputs to the displays are:

Impact prediction plots based on:

" External data

* Internal data derived from (1) Flight computer position and

velocity outputs, (2) Simulated flight computer position and

velocity outputs, and (3) Telemetry carrier azimuth and

elevation data

Present position plots based on same as above

Computed mission safe/unsafe indication

Flight system safe/unsafe indication based on telemetry data

decisions

Flight subsystem safe/unsafe indications based on telemetry data

decisions

Flight component safe/unsafe indications based on telemetry data

decisions

Flight subsystem performance data

Flight computer output data

Simulated flight system performance based on telemetry input.
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Information in categories 7 through 9 would, in all probability, not be very

desirable if a man were in the link because he would have to act on the basis

of his knowledge and memory of flight system nominal performance criteria.

More desirable inputs to him would be flight system, subsystem and com-

ponent safe/unsafe status indications (in that order), with decisions made

by machine logic, using preprogrammed limits and calibrations. These indi-

cations would enable anticipation of onboard troubles. Perhaps the most

valuable supplementary telemetry inputs for IIP computer would be scaled,

time-correlated, flight computer position and velocity outputs. These can

be utilized in the generation of a separate plot or combined with external

data to obtain a best estimate of trajectory plot.

The impact prediction data most difficult to obtain will be position and

velocity data from a simulated flight system operating in real time from

telemetered inputs, including acceleration, platform position, guidance

commands, etc. Not only will complete calibration and scale factor infor-

mation be required, but a flight system simulation program capable of

operation in real time will be needed.

If the telemetry receiving and processing station is not physically located

very close to the range safety facility, a data link will be required between

the two. Because of the accuracy, resolution, and data rates involved, a

digital link is indicated. The telemetry data must be decommutated and

converted to a suitable format for transmission and decision. Calibrations,

scale factors, safe limits, and time correlations must be applied, either

at the telemetry data processing station or at the range safety facility; and

since a high launch rate can be expected, the hardware must be readily

programmable. The supporting data will be furnished to the range by the

contractors as magnetic tapes with last-minute revisions made by punched

tape or cards. The telemetry decommutation problem could be expected

to extend from reclocking and format conversion of digital telemetry data

(such as that originating from the digital flight computer) to frequency

discrimination, spectral analysis, and subsequent digitization before trans-

mission to the range safety area.

Input to the decommutation facility will be raw, real-time telemetry data

from one or more mainland receiving stations and raw or preprocessed

data from downrange stations. The latter is extremely important if

propagation interruptions and disturbances are to be minimized. Flame
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attenuation and refraction effects become esyecially troublesome with

tailon look angles, which are inevitable when tracking a missile from the

launch site. The only means of filling in telemetry dropouts has been to

merge mainland data with downrange data. If this is to be conducted in

real time during a flight, downrange telemetry data must be relayed, with

minimum delay, to the central mainland data processing facility. This

will be feasible at the AMR when the Tel 4 (on Merritt Island), Vero Beach,

and Grand Bahama Island complex of telemetry receivers and data

communications links is installed. Alternatives would be to decommutate

telemetry signals downrange and either make safe/unsafe subsystem

decisions locally, or to reformat a minimum of decommutated data at

reduced sampling rates and bandwidths for transmission to the central

mainland data processing facility (Figure 2). The first alternative would

necessitate calibration, TLM format, and performance tolerance informa-

tion at each station. A third alternative (illustrated in Figure 1) is based

on use of a high-capacity transmission link between downrange and main-

land stations, possibly a satellite communications system. Selection of

the telemetry data source or sources for merging would necessitate trans-

mission of supporting data such as receiver signal strength, signal center

frequency, etc. , along with the telemetry data.

A formidable time correlation problem would develop when merging data

from many sources and locations in real time. This might be resolved by

careful and frequent calibration of transmission link and equipment delays

with due allowance for continuously varying vehicle range. Possibly an

easier method would be to transmit all telemetry data as a function of known

onboard time, e. g., as a function of the flight computer clock. The only

disadvantage of this method would be the use of a small portion of the total

telemetry link information capacity and some additional onboard logic.

In Table I, Group I inputs from guidance can, by themselves, provide an

additional trajectory input to the range safety LIP computer, and also an

indication of impending disaster by differencing with external tracking

data. The remaining groups of data can be used to anticipate failures

or out-of-tolerance conditions in a particular flight subsystem, possibly
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Table I. Quantitative Description of Telemetered Data

Sampling
Rate Bits Per Bits Per Second

Parameter (sps) Sample Subtotal

Guidance and Control (Group i)

Flight Computer Velocities

0 24 240
o 0 24 240

10 24 240

Flight Computer Positions

X 10 24 240
Y 10 24 240
Z 10 24 Z40

Onboard Time

t t0 17 170

Event Occurrences

12 10 1 1z

Total Bits Per Second, Group 1 1622

Thrust Vector Control (Group Z)

Steering Commands

Pitch 10 8 80
Yaw 10 8 80
Roll 10 8 80

Steering Errors

Pitch 10 8 80
Yaw t0 8 80
Roll 10 8 80

Total Bits Per Second, Group 2 480

Propulsion (Group 3)

Chamber Pressure (Solid Engines) 10 8 80

Fuel Flow (Liquid Engines) 10 8 80

Total Bits Per Second, Group 3 160

Structures (Group 4),,

Temperatures (10, Minimum) 1 8 80

Strain/ Breakwires (4, Minimum) 10 I to 8 40 to 320

Triaxial Power Spectral Density 10 8 80

Total Bits Per Second, Group 4 200 to 480

Electrical Power (Group 5)

Voltages (6, Minirrum) 10 8 480

Total Bits Per Second, Group 5 480

TOTAL INFORMATION BITS PER SECOND, ALL GROUPS 2942 to 3222
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before any significant trajectory deviation from the norm would be sensed

from external data alone. In the case of missions like 3. t, 3.2, 3. 3, and

3. 5, these data are extremely useful.

The information in Table I, reduced to binary digital format, requires a

total of only about 3000 bits/sec, which is low enough to be transmitted

over voice-range RF or hardline communication links even after taking

into account sync, parity, and timing requirements. This makes real-time

inflight use of downrange telemetry data practical in the near future. How-

ever, a minimum amount of calibration and scale factor data, telemetry

formats, and safe/unsafe tolerance limits still will be furnished to the

range in advance of flights. Also, it should be noted that each contractor

would be called upon to implement two distinct types of telemetry measure-

ment philosophies on every flight, namely the usual comprehensive

measurement technique to obtain most detailed information on the greatest

number of parameters practical for fine-grained flight analysis; and also

an abstractive measurement technique to reduce the most vital information

to the smallest bandwidth possible for supplementing range safety.

Abstracting can be done either when programming the airborne telemetry

subsystem or at the ground data processing stations,but it is the contractor's

responsibility to provide information to the range for conducting the task.
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Appendix XVI. ONBOARD PREPROCESSING OF TELEMETRY DATA

Preprocessing is the changing of raw, real-time data into some modified

form before transmission from the experiment vehicle. The bandwidth

requirements of a given mission can be reduced if preprocessing is

possible. The following material was collected during a study of the

feasibility of preprocessing data from an aerospace vehicle such as a

satellite.

1. EFFECT OF RELIABILITY ON INFORMATION RATE

The reliability problem caused by the addition of components for

preprocessing is generally treated separately from the theory associated

with preprocessing of the data. However, in order to compare the capa-

bilities of several telemetry systems, we must consider their average

data handling capabilities over a long period of time (interval of the

mission) rather than the idealized peak data capability of the system.

In practice, a given system may perform at maximum capability for only

a short time after calibration until a component degrades enough to

change the information handling capability of the system.

It is not within the scope of this report to give rigorous mathematical

support to the concept of the data handling capability of a system. How-

ever, we do want to relate the concept of a system's reliability with its

information handling capabilities, since most reports consider informa-

tion rate and system reliability as separate entities.

The information capacity of one channel is

C Total discrete signal levels 1 bits/secch = ch 2 Uncertain discrete signal levels I

where Bch is the number of bits transmitted per second for a given

channel. For example, if Bch 7 bits/sec, and there are 128 total

discrete signal levels with only one uncertain discrete level, the informa-

tion capacity is

C = 7 x log 2 [L28 its/sec
ch16
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Now consider a condition where a component changes enough to cause

an uncertainty in the signal of eight discrete signal levels. In this case,

the channel information capacity is

ch 7 xlog2  128 28 bits/sec

In general, because of component degradation, the information rate of a

channel is a function of time. The average information rate associated

with a given channel over the entire mission is denoted as Ch

T=duration of mission

C IB B r Total number of discrete levels _ (1)
ch T j log 2 [Number of uncertain discrete levels

0

Let DL represent the number of discrete signal levels in the nthn
channel. DL is usually a fixed value for each channel and is not dependent

upon time. Let U n(t) represent the number of uncertain discrete levels.

Because of component degradation, U is a function of time. For a cali-

brated digital system, DL is equal to the total number of quantization

levels. U is the quantization uncertainty which always includes a range

from minus one-half bit to plus one-half bit around the quantized signal.

Thus U is taken as one bit in a digital system. In an analog system, the
DL

ratio F may be considered the dynamic range of the channel and is

determined by the maximum input signal and the errors in channel signal

response.

The instantaneous information capacity of the entire system is equal

to the sum of the instantaneous information capacities of each channel.

:DL DL Dn
C tm(t) =B 1 log2 U +-) B log 2 _- )j Bnlog2 Iun- ]

The average information capacity of the system over the mission is:

T=duration of
missionr [D

-- T I ) t log 2  U no dt (2)
system f C(t) l tBL i t 1
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We now have an expression for the average information rate per system

which takes into account the degradation of the channel accuracy due to

changes in component values. The accuracy of the above expression may

be open to question; however, the purpose of the above work is not so

much to derive a usable expression as it is to stress the importance of

component reliability in evaluating the relative merits of various tele-

metering systems.

2. 'I YPES OF INFORMATION IN A SIGNAL

Transmitted data that represents events or states which could be

predicted is referred to as inactive data in this appendix. Signals which

are so random in nature that it is not practical to attempt to obtain cause-

and-effect relations about the phenomena which they represent are called

disordered data. For this type of signal we are usually interested in

a gross effect, such as the average values and dispersion of the signals

over a particular time interval. The main interest during a specified

time interval is in the amplitude of the quantity being measured and not

in the order in which the various measurements were taken. Most

vibration data would be considered as disordered data.

A common attribute of inactive data and disordered data is that con-
siderable savings in transmitter power or bandwidth, or both, may be

obtained by preprocessing the data before transmission.

3. PREPROCESSING OF INACTIVE DATA

During the past 6 months, the various aspects of this phase of the

problem have been studied under the names of Adaptive Telemetry Study,

Data Redundancy Reduction, and Format Control (changing the sampling

rates of the various channels). Some of the study results can be seen in

References I and 2. Reference I is a quick-look study of the problem and

is valuable because it briefly discusses the advantages and disadvantages

of the various techniques that could be used for preprocessing inactive

data. Reference 2 covers at some length basic considerations governing

the prediction of data.

Preprocessing of certain data can substantially reduce the data

transmitted from the spacecraft during parts of the flight. In Reference

3, data taken from Explorer VI indicated that if the only data transmitted
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were thatwhich changed from the immediate past value, only 20 percent

of the data taken would have had to be transmitted. For Pioneer V, the

redundancy was even larger and only about 5 percent of the data taken

could be considered nonredundant. It appears that a separate program

is required for each mission to determine if the objectives of the flight

can best be served by eliminating the transmission of inactive data.

4. PREPROCESSING OF DISORDERED DATA

By definition, the information contained in disordered data is found

in the amplitude of the measurement and not in the order of occurrence

of the measurements. The transmission of a quantity's frequency

spectrum or its statistical characteristics is the most common means

for representing data in cases where the order in which the data was

procured is not important. An illustration of this approach is the data

acquisition system used in the Goddard experiment:

The Goddard experiment is designed to measure the

ultraviolet radiation from stars over a range of

spectral wavelengths. Six parallel data channels

accumulate pulses that represent the intensity of

radiation at six different incremental portions of

the ultraviolet spectrum. Data accumulated at each

position is stored in spacecraft memory. Compres-

sion techniques are employed to reduce the number

of bits which must be stored. (Reference 4)

The general problems encountered in the measurement of the signal's

spectral density are discussed at length in References 5 through II. A

fundamental difficulty arises in obtaining spectral data when the conditions

of the flight are changing rapidly. As the frequency band for a measure-

ment is made narrower, the transient response of the associated filter

network becomes increasingly larger. For a specified accuracy of

spectral density data, a compromise is required between the spectral

bandwidths of various frequency bands and the time during which the

statistics of the signal remain constant. Because of this requirement,

it is necessary that the data be obtained in a form suitable to its eventual

use. For example, measurements of a vibration spectrum in an operating

missile may be used to determine the structural design of a future missile.
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The designer may require infurunatiun about a relatively narrow

spectrum, with a corresponding increase in the time required per

measurement. Here, it would be important that the bandwidth associated

with the spectral density measurements be appropriate to the ultimate use

of the data. The "uncertainty principle" associated with measurements

on atomic particles also applies to measurement of the spectral density.

The time required for any measurement is inversely proportional to the

bandwidth and directly related to the accuracy desired.

The statistics of a signal may be obtained from raw data and trans-

mitted in place of the data itself. Reference II considers this problem

and points out the conditions where a savings in transmitted data is

realized. Over a small interval of the flight in which the data statistics

do not change and the order of the measurements has no significance,

data compression can be obtained by sending a signal's statistical para-

meters, such as its amplitude-probability density or significant moments

of the amplitude-probability density function. The price paid for this

type of data compression is considerably increased hardware complexity.

5. TELEMETRY BIT RATE REQUIREMENTS

The maximum bit rate required to sample a single channel is pri-

marily determined by the frequency spectrum of the signal, and the

desired accuracy of the sample. In theory, it is possible to sample at

slightly greater than twice the highest frequency present in the data

spectrum; however, in order to recover all of the information contained

in the highest frequency of the signal, an "ideal" but physically nonrealiz-

able filter is required in the demodulation process. In practice, the

accuracy of the recovery of sampled data is dependent on the nonideal

characteristics of the demodulator filter and sampled data rate. The

data reconstruction errors caused by poor demodulator filter character-

istics may be compensated to any desired degree by increasing the

sampling rate. Before any calculations can be made on the required bit

rate (and, therefore, the system bandwidth) for a specified accuracy of

data reproduction, we would have to know something about the manner

in which the transmitted sample data is to be reconstructed. In the follow-

ing calculations of required telemetry bit rate, the assumption is
made thatthe data are tobe sampled at three times the highest frequency

present in the signal and that the demodulation filter will reconstruct the
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sampled data to the required accuracy. With this assumption, B C H

r
the bit rate required for a single channel of data which is converted to

a binary digital code for transmission is

BCH > 3 f N
r - max N

where fmax is the maximum frequency present in the data and N B is

the number of bits required to transmit the data with the specified

accuracy.

Where there are many channels in which the data is converted to a

binary code before transmission, the overall system bit rate required

is equal to the sum of the bit rates associated with each channel. For

an m-channel system:

m m

Bsystem Bchannel = 3Zf Nr L r., max. B.iiI 1 1 1

The total bandwidth required is approximately equal to the system

bit rate. Bandwidth (cps) = Bsystem (bits/sec).
r

In systems where the amplitude is not converted to a binary form

before transmission, for example, PAM, the required bit rate per

channel is again determined by the required accuracy. Roughly speaking,

for a few percent error, the bandwidth required per analog channel will

be equal to the sample rate. The precise error in the sampling process

is a function of the entire telemetry system's frequency response. It is

felt that in a PAM system the assumption that the required bandwidth is

equal to the reciprocal of the bit rate will be sufficiently accurate for the

purpose intended; however, further study on this problem is recommended.

The overall system bandwidth is the sum of the bandwidths required by

each digital channel and analog channel.

n

System Bandwidth = 3 f NB + fm
"= M i=I mx

PCM PAM
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6. BANDWIDTH REQUIRED BY TIME-OF-EVENT MEASUREMENTS

It appears that the time of occurrence of an event with respect to a

reference event can best be determined by counting the pulses which occur

in a high-frequency pulse train during the interval separating the two

events. Then the number of pulses stored in a counter is a measure of

the time duration between events. The clock frequency chosen must be

high enough so that an error of one count will not cause a count error in

excess of the required measurement accuracy. If the measurement must

be transmitted with minimum delay after the event, a means must be

found for inserting the word representing the measurement into the

telemetry format as soon as possible. The initial reference time marker

could be defined by the occurrence of a synchronizing bit and transmitted

every frame. The number of bits which would have to be transmitted for

a given measurement accuracy is:

NT = logZ time duration of I frame (sec)
B allowable error of measurement (sec)

As an example, if it were required to measure the occurrence of an

event with respect to the synchronization signal to +100- Lsec accuracy,

a 10-kc clock source is required. If a new frame occurs at 3-sec intervals,

the number of bits required for transmission is:

T og 3 sec A
NTB log2  3_4sec--- 15 bits

10 sec

For an amplitude-modulated transmission, the data bandwidth must

be multiplied by a factor of two; for single-sideband transmission, the

transmission bandwidth is equal to the data bandwidth.

In the calculation of the bandwidths required to transmit a given

information rate, it is commonly assumed that a bandwidth of I/T is

required to transmit a pulse of width T. The following graph shows that

the optimum signal-to-noise ratio occurs when f c' the system bandwidth,

is less than l/T. For a system transmission characterized by a gaussian

response (several RC low-pass filters having the same cutoof frequency),

the ideal bandwidth system is f C 0. 3/T. For a double-sideband system,
C
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the total data bandwidth would be 2 x 0. 3/T. Thus calculated, the data

bandwidths are larger than the bandwidths required for a maximum S/N

ratio. The optimum transmission bandwidth required is determined

by the type of modulation employed and the overall data frequency

response of the transmission system and data reconstruction network.

(See Figure 1. Also see Reference 12.)

0 db CORRESPONDS TO OPTIMUM MATCHED FILTER

GAUSSIAN FILTER

S- "-IDEAL LOW PASS FILZ 2- 1 / ,,.\ \ \,
W -I STAGE JC FILTER-S I , I

-5 ------

0 0.25 0.5 0.75 1.0 1.25 1.5 1.75

fi
C

Figure 1. Peak S/N Ratio for Various Filters

7. SUMMARY

A good example of preprocessing data from a space vehicle can be

seen in the Goddard experiment. It is discussed in Reference 4.

It appears that all the types of data on the mission will be suitable

for preprocessing because maximum data activity will occur during a

small portion of the mission, leaving much of the mission time unused

for telemetry purposes. The longer a mission, the more valuable will

preprocessing be. On short missions, especially if the data changes con-

tinuously, preprocessing is of little or no value.

The effect that preprocessing has on reliability is a most important

consideration in deciding upon the feasibility of preprocessing for a given

case. An approach to this problem is to determine the change in informa-

tion rate that can be realized through preprocessing. Information rate

must, in this case, be taken as a function of accuracy, component degrada-

tion, and component failure.
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It appears that one of the major tasks in the design of systems for

telemetering data from space will be to determine a tradeoff between the

degradation of data accuracy caused by preprocessing of data and the

potential increased transmission and reception accuracy provided when

preprocessing of data allows smaller data bandwidths to be utilized. It

is believed that component reliability and system transmission character-

i-stics should be included in the expression for the system information

rate and that this expression may be used as a basis for determining the

type of telemetry system to be used for a specific mission.

Clearly, preprocessing of data, if reliable components are used, will

increase the system information capabilities in the initial phases of the

mission. The use of data preprocessing will reduce the required bit rate

with a consequent reduction in transmitted power for a given signal-to-

noise ratio. It is entirely possible, because of the lower power require-

ments, that an improved data transmission reliability over the entire

mission can be obtained by using data preprocessing techniques.

Although preprocessing has a significant effect on the airborne

system development, the effect on ground station capability is largely

one of data interpretation and analysis. In a sense, it can be considered

to have no effect on the space-to-ground link because it provides improved

spectrum utilization through the elimination of nonuseful or superfluous

information. In light of current trends, preprocessing will probably not

result in less bandwidth but rather more useful information.
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Appendix XVII. ADAPTIVE TELEMETRY

Telemetry system design is conventionally based on a fixed sampling

plan selected prior to a mission. The sampling rates are thus determined

on the basis of worst-case environments (maximum frequency response);

and, since average sampling rate requirements may be significantly lower

than those of worst-case environments, inefficiency in terms of power

and/or bandwidth usually results. In addition, even further inefficiency

can accrue because no attempt is made to take advantage of the predict-

ability of the data.

For some time past, a research program on advanced telemetry

techniques has been conducted at Space Technology Laboratories, Inc.

Since this program is believed to be typical of what is being done to inves-

tigate adaptive telemetry, it is described in the following pages.

The specific objective of the STL telemetry research program is the

development of adaptive telemetry techniques to remove redundancy from

data prior to transmission by employing more nearly optimum sampling

plans as a function of changing requirements during a mission, and by

removing predictable portions of the data. The redundancy reduction

techniques that have been studied, analyzed, and developed could mini-

mize the usual constraints on overall spacecraft weight and power, or

alternately, could provide increased communication range or greater

information return for fixed spacecraft weight and power. Although a

shortage of bandwidth spectrum is not now a space telemetry problem,

its advent will be another reason for employing redundancy reduction.

The program has included a study of the mechanisms which can

cause redundancy, a study of format control, and a study of prediction

techniques; additionally, an error analysis has been made of various

forms of prediction. Equipment designed to verify various portions of

the program includes a model predictor based on extrapolation, a prob-

ability generator that generates a serial bit stream (with conditional

probabilities selectable up to the fourth order), and two types of format

generators.
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i. SUMMARY

In this research program, redundancy reduction techniques were

developed and shown to have a definite capability for improving the link

6fficiency of space telemetry.

Adaptive format control refers to the dynamic control of experiment

sampling rates. Redundancy reduction is secured by the mechanism of

preventing the excessive sampling rates typical of present telemetry

systems, and by the optimum allocation of the available samples among

the experiments. The feasibility of efficient implementation of adaptive

format control has been demonstrated by the design of format generators

(References 1,2). These format generators synthesize the appropriate

multiplexer driving signals for a multitude of different sampling plans.

The frequency spectrum of each experiment is matched to its chosen

sampling rate by selecting one of the available format generator sampling

plans either automatically or by ground command.

It is also possible to achieve redundancy reduction by the general

method of prediction. This concept requires that a prediction of the

forthcoming sampled data be made (on the basis of available past data),

which, when subtracted from the actual data values, produces an error

term. This error term can be coded and transmitted with the use of

fewer bits than contained in the original data because of the partial elim-

ination of the redundant portions. On the ground, an identical prediction

is made which, when added to the received error term, reproduces

exactly the original data samples. One type of predictor may be synthe-

sized by the elementary approach of curve-fitting, whereby the sampled

data is used to determine a smooth curve which is then extrapolated one

sample-time to obtain a predicted value. In particular, a polynomial

extrapolator was designed and analyzed which has the capability of elim-

inating data redundancy due to excessive sampling. An analysis of data

return from Explorer VI and Pioneer V shows that a data compression

of at least 10 db is easily possible using a simple polynomial extrapolator.

A laboratory model was designed and fabricated to demonstrate the

feasibility of the concept.
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Prediction may also be based upon a probability measure of an

experiment source. Work was initiated on the self-adaptive estimation

of the joint probability distribution of a source when there is no a priori

khowledge. Given the statistics of the source, a linear or nonlinear

predictor can then be designed to efficiently compress its data samples.

The purpose of prediction is to produce an error probability density whose

entropy is minimized. An extensive analysis of prediction errors was

undertaken to analyze the effectiveness of linear predictors for various

classes of random and nonrandom sources. Theory was developed to

derive the error distribution when the probability distribution of the

source is given, and the mean-square prediction error when only the

power spectrum of the source is known. Optimum linear predictors of

various orders (the order refers to the number of past data samples

operated upon) were derived. The prediction efficiency of polynomial

extrapolation was compared to that of optimum linear predictors. The

conditions under which higher-order linear predictors (including extra-

polators) show an increase in efficiency were determined. The results

were applied to gaussian random processes, and various types of deter-

ministic (nonrandom) periodic source waveforms.

In addition to the more general techniques of format control, extra-

polation, and prediction based on probability measure, special adaptive

techniques were also investigated, such as special measurement design,

limit checking, and sample-burst telemetering. These approaches can

be used to supplement or even replace the general methods, depending

upon the nature of the specific mission.

2. DISCUSSION OF PROBLEM

Prior to design of redundancy reduction techniques, the meaning of

the term "redundancy" and the mechanisms responsible for its occurrence

must be explored. Additionally, the application of a redundancy reduction

technique generally creates some new requirements which need to be

studied and understood. For instance, redundancy removal results in

fewer symbols which often must be mapped into a new format requiring

special coding before the samples can be correctly distinguished.
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Even before discussing the above considerations, three points,

which are considered axiomatic and which should be used as check

points in any meaningful application of redundancy reduction, can be

established.

The weight, power, and reliability "cost" of a
redundancy reduction concept (for a given mission)
should be less than that required to achieve the
same expected "gain" by increasing transmitter,
power, antenna size, etc.

The redundancy reduction process should be
implemented so that the original measurement
can be recreated at the receiver. Thus, a priori
knowledge, ground predictor output, or other
information in connection with the received signal
shall permit a recreation of f(t), or in more
general case f(x) where x can be any parameter.

The application of a redundancy reduction concept
is no guarantee that the "expected" gain will be
achieved. Indeed, under conditions of "unfavor-
able" statistics, the redundancy content may be
significantly lower than expected. For the case
where the system design is based on this expected
value and the instantaneous information rate is
larger than can be accommodated by the communi-
cation link, some means of priority control must
be available. This may consist of decreasing
accuracy, lowering sampling rates, etc.

Redundancy can be mathematically related to the basic measure of

information, that is

R = [I-_ ) ] 100 (1)

where

R = redundancy in percent

H(x) = measure of information from source x
in bits/ symbol

HE = measure of information assuming all
symbols equally likely
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In the simplest case, with no symbol interdependence

m
H(x) = - Z p(i) log p(i) (2)

i=1

where

p(i) = probability of ith symbol

m = number of symbols

Equation (2) is simply extended by use of joint or conditional

probabilities to appropriately cover the more general case where there

is symbol interdependence. For redundancy reduction processes which

do not involve the determination of the probability distribution, Equations

(1) and (2) primarily provide insight and establish limits on maximum

possible gain. For instance, some evaluations of different probability

distributions clearly show that a given distribution has to be particularly

peaked if many db-equivalent gains are to be achieved. A simple example

is the case where the amplitude distribution has a unity probability of

existing in one-half of the total normalized range and, therefore, only one

bit is saved. To save 3 db, the amplitude distribution must be confined

(on the average) to the square root of the total number of quantization

levels.

The mechanisms responsible for data redundancy are many: First,

a designer may choose sampling rates far beyond the practical margins

of the sampling theorem. This result may simply be an unintentional

matter of poor prediction; but even if the prediction were perfect, the

sampling rates would be based on peak frequency response requirements,

while the average sampling rate requirements are generally significantly

lower. Next, there are the limitations of the sampling theorem which

makes no use of probability or prediction. Finally, there is the redun-

dancy created as a result of the inefficient measurement technique. For

example, some measurements are more efficiently characterized and

transmitted in terms of their densities, moments, or time of occurrence

rather than as a running amplitude function of time.

Although several sources have reported on the high redundancy in

transmitted data and have quoted compression ratios up to 300, the fore-

going discussion points up the difficulty of accurately assessing the
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magnitude of the redundancy. Compression itself generally involves

such new interface problems as coding and buffering. The net redundancy

reduction must be determined after considering the additional coding

information required to insure that the received data can be properly

distinguished.

In a general sense, prediction is the basis for all redundancy reduc-

tion. For example, in either the fixed or adaptive sampling plan, a

prediction is made that one format is better matched to actual require-

ments than another. Prediction in the vehicle and corresponding predic-

tion at the receiver appears to offer the greatest potential for minimizing

redundancy.

It could be correctly concluded that the problem of inefficient sampling

would be of no consequence if an ideal prediction were possible. In an

engineering sense, however, there is no ideal or 100-percent efficient

system; consequently, the adoption of adaptive format control is necessary

to establish a reasonably efficient sampling plan and must accompany the

use of pure prediction to achieve a practical solution to the general redun-

dancy reduction problem.

3. SPECIAL ADAPTIVE TECHNIQUES

In addition to the general approaches of format control and prediction

by extrapolation or probability measure, there exist many special adaptive

techniques that are capable of data compression. These special techniques

are of limited applicability but, depending on the spacecraft mission, may

be used to supplement or even replace the more general approaches.

That is, they may be tailored to the particular experiments and environ-

ment of some special mission. A cross section of these special methods

will be mentioned here.

The most obvious way to match the telemetry to the mission is by

employing "special measurement design, " such that only the most perti-

nent measurements from the experiments are telemetered. Most

telemetry systems have been chosen to monitor some time function

defined on each experiment. This does not necessarily represent the

most efficient scheme, especially when the time of occurrence of the

measurements is of insignificant value. Thus, it may be desirable to
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transmit data in a form which is more directly usable by experimenters

and scientists. For instance, it is possible (Reference 3) to transmit

only data concerning the probability distribution of the amplitude of a

physical quantity, such as the distribution of energies of particles. It

may be appropriate to measure only the time of occurrence of peak data

values or some other special event; time derivatives or other derived

data characteristics may also be telemetered. The advantage of special

measurement design is that only quantities of interest for each experiment

are recorded, so that redundancy reduction is achieved by not transmitting

irrelevant and redundant data. Of course the main disadvantage is that

these special measurements may require added weight, power, and

complexity, thus detracting from the objectives of an adaptive telemetry

system.

Preprogrammed format control (Reference 4) is a special technique

whereby sampling rates are automatically modified and redistributed at

specific points of flight time or range. Mechanization of such control is

quite feasible, but the applicability is only for those special missions

where a prior information concerning the appropriate sampling rates,

i. e. , the expected activity of each experiment, is abundant.

Similarly, it is possible to employ a limit-checking technique (Refer-

ence 4) in which the data for each experiment are not transmitted when

the samples are within certain preestablished amplitude limits. These

limits represent the "normal" or the "expected" behavior of the experi-

ment, so that only if the readings exceed these limits is the data of

significant information value and worthy of transmission. Limit-checking

is appropriate only for those classes of experiments in which the normal

behavior is known beforehand.

In the way of special coding techniques, if it is expected that the

physical quantities being measured have a highly peaked instantaneous

amplitude distribution, then it will be appropriate to employ optimum

coding procedures (Reference 5) for each data sample. This approach

is related to that of limit-checking. It should be emphasized that the

distribution must be considerably peaked with respect to the allowed

voltage range of the telemetry in order that a significant data compression
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be attained. For instance, a triangular distribution over the range

yields only a i-db compression.

Lastly, consider the special technique of sample-burst telemetry

(Reference 6), whereby experiments are sampled at a high rate, on a duty

cycle basis only. That is, in order to obtain information concerning the

high frequency components of some telemetry source, a burst of samples

is allocated to the source after which a longer period of no sampling

ensues until the next burst, etc. One interpretation of this method is the

scanning of each source in turn at the maximum sampling rate compatible

with the available transmitter bandwidth:

III " IrII
Input 2 IlI "- I II

Input N

(Each line represents one sample)

This scan mode may also be used in conjunction with self-adaptive

or command-adaptive format control for purposes of determining the

optimum format. This is done by searching for high data activity in

each source, and the signal conditioning bandwidths must also be altered

in proportion to the change in sampling rates. Otherwise, the sample-

burst approach offers a compromise to the situation in which the available

spacecraft transmitter bandwidth is insufficient to permit sampling all

sources at their appropriate (high) rates. Thus, information concerning

all portions of the signal spectra is available only some of the time.

However, it is also sometimes possible to regain the lost data by inter-

polation. For instance, if the source is statistically stationary, then

burst sampling permits the fine grain as well as the coarse statistics to

be detected and, during the periods of no sampling, it is expected that the

source behaves in a manner similar to that observed during periods of

burst sampling. In such cases, it can be shown that the sample-burst

technique will provide a net redundancy reduction since it employs a
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more efficient use of the available bandwidth. Finally, it should be

noted that if it is desired to reconstruct exactly the continuous source

waveform during the burst times, then there is a limitation as to the

minimum number of samples which must be contained in a single burst

(Reference 6).

4. FUTURE STUDY

Various techniques of adaptive telemetry have been devised which

demonstrate a capability for the redundancy reduction or compression

of telemetry data. Each method has its own merits and appropriate

fields of application. However, the method of prediction based on prob-

ability measure offers promise as a more optimum general solution and,

consequently, further detailed analytical and development effort should

be applied in this direction.

Specifically, the technique of prediction based on probability measure

warrants further effort on the adaptive estimation of statistical para-

meters. Also, optimum linear predictors should be studied in order that

the upper bounds for all linear prediction techniques may be determined.

Nonlinear predictors should be considered and their performance com-

pared against that of optimum linear predictors. A prediction error

analysis should be undertaken for various classes of random and nonran-

dor data sources. In connection with prediction, the general coding

problem should be further studied.

In addition, there remain the tasks of optimization and practical

mechanization of these predictive techniques, as well as the verification

of their performance relative to that expected.

Prediction by polynomial extrapolation is presently a highly developed

technique. Further effort should be devoted to the evaluation of other

extrapolative methods, the comparison of extrapolation to optimum pre-

diction, and the analysis of spacecraft data return from previous

missions.

It is suggested that some of the more special adaptive techniques,

such as sample-burst telemetering and special measurement design, be

more closely scrutinized to determine their exact applicability and

effectiveness.
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Appendix XVIII. COMMAND SYSTEM TECHNIQUES

A. INTRODUCTION

In many ways a command system is similar to a telemetry link except

for the reversal in communication direction. Also the output of a com-

mand system always results in an action, as opposed to the output of a

telemetry system which leads to an interpretation or an evaluation. This

last factor introduces substantial differences in design philosophy. For

a telemetry system the problem of whether or not data is being trans-

mitted seldom intermingles with the problem of what the data being trans-

mitted says. With the command system, not only must each possible

command be distinguishable, but the state of no-command at all must be

recognized. In other words, the analysis of a command system more

closely parallels that of a radar system than that of a conventional com-

munication or telemetry system. Thus the concept of a false alarm or

the activation of a command mode when it was not initiated at the control

center becomes extremely important.

There are two main problems concerned with the false alarm aspect of

a command system. The first concerns false alarms arising from a

natural, that is unintentional, background environment. The second class

is concerned with those resulting from a deliberate action on the part of

an unauthorized agency. In order to determine within which class any

command problem lies, one must focus on both the consequences of a

false alarm and the value to an unauthorized agency. (In this context, a

false alarm consists of any command action taken by the vehicle which

was not initiated from the proper control center.

B. NATURAL BACKGROUND ENVIRONMENT

If it has been determined that the command system to be used for a specific

mission falls into the category of operation in a natural background

environment, the design process can proceed in a relatively straightfor-

ward manner. In essence, the problem consists of selecting waveforms

for each command that are significantly unlike each other and whose

probability of being duplicated in the existing natural environment is less

than the desired probability of false alarm. Two factors contribute to the
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selection of the waveforms. The first factor is the total energy of the

waveform at the command receiver and the other is the distribution of

this energy in time and frequency. There will always be a minimum total

received energy required by the command system and this energy will be

a function of the desired false-alarm rate, the number of commands, the

rapidity with which commands can be sent, the statistical properties of

the background noise environment, and the modulation efficiency of the

communication technique employed. A lower bound for the amount of

energy required can be determined by assuming a system consisting of

a single command in a background of white gaussian noise of known

spectral density, a modulation technique of perfect efficiency, and a

combined transmission rate and frequency of tolerable false alarms

which produce a specific probability of false alarm within one command

interval.

This is accomplished by determining from a normal curve of error the

number of standard deviations corresponding to the specified maximum

accepted probability of false alarm. The minimum required command

energy which must be received can then be determined by multiplying the

variance by the noise spectral density at the corresponding point in the

system. To refer this minimum value of received energy to that of

transmitted energy one must make use of the range equation, remember-

ing that power is energy per unit time and thus proportional to energy

when comparing the two ends of the communication link. A knowledge of

the available transmitter power can now be used with the required energy

to determine the minimum command duration. As an example, consider

a system operating in a background noise spectral density of -177 dbm

per cps (double sided) and whose desired probability of false alarm per

pulse is 10 - 8 . A normal curve of error says that 5. 6 standard deviations

will be exceeded this fraction of the time. Squaring this value and con-

verting to db yields 15 db. Thus the required signal energy must be

greater than 15 db above -177 db mw (-177 db relative to I mw/sec)

or at least -162 db mw/sec. If the space I'oss for some particular application

is 200 db, then the required transmitter energy will be 38 dbmw/sec (that is,

38 db above a mw/sec or 8 db above a watt/sec). Thus 6. 32 watt/sec

of energy are required. This might consist of a 1-watt transmitter for

6. 32 sec or a 1000-watt transmitter for 6. 32 msec or any other compatible
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combination. More commands will increase the required energy although

not greatly because of the already large S/N ratio. Modulation inefficien-

cies, which consist of the use of transmitter energy for any purpose other

than conveying the command itself, can require substantial increases in

signal energy. As many as 20 db may have to be added in certain cases.

This wasted power generally is used to overcome frequency instabilities,

provide synchronization, overcom theoretically unneeded threshold, etc.

Some of the best command systems in use today achieve overall modula-

tion efficiencies of 12 db. (The modulation efficiency is the ratio of the

power required for the system to operate with a specified performance

to that required by an optimum system for the same level of performance.

Having established the total energy required to prevent false alarms in

the presence of thermal background noises, one must decide how this

energy should be distributed throughout time and frequency so as to mini-

mize its likelihood of generation by other nongaussian interferences such

as radar signals, other command codes, television, voice, etc. There

are several commonly accepted techniques for distributing the required

energy throughout the time frequency domain. These include PCM

(generally with error correcting and detecting pulses), PPM, and tone

systems.

I. TONE SYSTEMS

For very simple command systems, the tone approach has received

wide usage. By this technique one or more (usually more) of several

possible tones must be simultaneously present to enact a specified com-

mand. The number of different commands (C) which are available can be

quickly calculated in terms of the total number of tones available (N) and

the number of tones which must simultaneously be present for validation

(M). This is given by the formula C = N! . The simple tone

approach is generally not used where a large number of commands are

required because of the unwieldy number of tones required. Hybrid tone

systems employing sequences of tones are sometimes used. Thus a

smaller number of tones can be used to generate an expanding number of

command signals.
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2. PCM SYSTEMS

Where a larger quantity of commands is required, the trend in

command system design has universally been toward PCM. PCM consists

of a series of zeros and ones which establish a predetermined acceptable

pattern. The zeros and ones can be mechanized as any two distinguish-

able states of the transmitted signal. Synchronization is usually obtained

by one or more pulses,at the beginning of the command sequence, which

constitute a start symbol or by means of an auxiliary signal, usually a

tone, which is continually transmitted. A parity check of one kind or

another (that is, an error-detecting or-correcting code) is almost univer-

sally employed. One of the simplest forms of parity comparison consists

of sending the command twice, generally inverted the second time (that

is, a one replaced by a zero and a zero by a one), and requiring that the

two portions of the command be identical (but inverted) before it is

accepted. Sometimes a single parity bit is used in conjunction with a

sequence of command pulses inthe form of an error-detecting code. Also,

it is possible to introduce redundant pulses in such a manner as to con-

struct a system of orthogonal command codes. These Codes have the

property that half the bits in any command will be different from the

corresponding bits in any other command. Two commands can never be

confused unless at least half of the bits are in error. It is also possible

to permit acceptance of commands, even though a single or small number

of pulses is in error, without substantially risking the possibility of

command misinterpretation.

3. PPM SYSTEM

PPM command systems have thus far not received wide usage. An

equivalent application of PPM, however, has occurred in IFF equipment

for a number of years. Generally speaking, PPM systems possess most

of the properties of the orthogonal PCM system discussed previously,

except that the ratio of peak-to-average power is substantially greater.

PPM systems would find their greatest use in integrated tracking and

command systems employing a pulsed radar ranging system. In this case,

the large peak pulse powers required are inherently available in the
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radar system and commands can then be conveyed by means of auxiliary

pulses occupying specific delay relationships with respect to the period-

ically emitted ranging pulses.

C. HOSTILE ENVIRONMENT

When the environment, within which the command system is intended to

operate, includes signals intentionally generated by an unauthorized

agency to neutralize or take over a missile or spacecraft, considerably

greater sophistication in the design of a command system is required.

Although tone and PPM concepts might still be employed, ease of imple-

mentation almost invariably leads to the selection of PCM as a starting

point. In designing a command system which requires a low false alarm

rate in the presence of unauthorized counter action, it is not sufficient to

utilize waveforms which are not likely to occur naturally because it can

be anticipated that an intelligent agency will duplicate the class of signals

used (such factors as modulation technique, carrier frequency, bit rates,

etc. , cannot be concealed from such an agency indefinitely). As a mini-

mum, what is required is that an extremely large class of possible codes

exist from which only a relatively small number are valid at a time.

This means that the unauthorized agency, even though he can quickly

determine the properties of the large class of signals, has no rational

means available to him to determine which of this large class are valid

commands. He can, of course, begin a systematic procedure of generat-

ing all possible members of the class in the hope of stumbling upon a valid

command. This is not, however, likely to provide him with success if

the class of possible commands is sufficiently large and those within the

class which are valid are changed sufficiently often. Typically a command

system will be expanded by 40 pulses more than those actually required,

to ensure security from unauthorized action. In addition, it is essential

that the unauthorized agency not be able to reduce the class size substan-

tially by examining the intercepted commands. This means, as a mini-

mum, that no command code once transmitted can ever be used again.

There are several ways of implementing command security systems, the

most secure of which requires the individual encoding of every command.

Alternate techniques use a secure signal only to momentarily "unlock"

the command encoder just prior to receipt of a "clear" command or to
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cause execution of a command previously transmitted in the clear,

stored in a command memory, and verified as to correctness through

a telemetry link. Combinations of these techniques are also possible.

Because of the requirement for propagation between command station

and spacecraft, commands must be modulated upon a carrier. Several

techniques are available including AM, FM, and PM, both digital and

analog. Each varies in its relative communications efficiency, that is

the strength of the command signal required to produce an acceptable

false alarm rate; and equipment capability including complexity, relia-

bility, and ability to perform properly under all circumstances. Com-

mands may be encoded directly on the carrier or they may be encoded

on a subcarrier which is in turn modulated on a carrier. The latter

approach is beneficial when an integrated CW tracking and command

system is employed. This makes it particularly easy to separate track-

ing and command signals in the spacecraft receiver.
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Appendix XIX. SUMMARY OF TELEMETRY, SPACE COMMUNICATIONS,
AND SPACE COMMAND EQUIPMENT

This appendix contains tabulated estimates of all the telemetry, space

communication, and space command equipment required at the instru-

mentation stations from 1965 to 1)70 (Tables I through 6). This infor-

mation is also included in Section IV, Recommended Network, together

with additional information for each station. It is included here to show

a condensed picture of the equipment distribution in the global network.
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